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A artrite reumatóide (AR) é uma doença inflamatória crónica, imuno-mediada, 
caracterizada pela hiperplasia da membrana sinovial, conduzindo à destruição 
progressiva da cartilagem e osso, e consequente comprometimento funcional e 
aumento da morbidade e mortalidade.  
O diagnóstico precoce aliado a uma estratégia terapêutica adequada são cruciais 
para prevenir a progressão da artrite reumatóide e a incapacidade funcional.  
A AR caracteriza-se pela hiperplasia sinovial, mediada pela interação de várias 
células do sistema imunitário, tais como, macrófagos, neutrófilos, células T e B, e 
complexas redes de citocinas (particularmente a interleucina (IL) -1β, IL-6 e o 
factor de necrose tumoral (TNF)). Esta interacção celular inflamatória  conduz à 
diferenciação e activação de osteoclastos (osteoclastogénese), promovendo 
alterações na remodelação do tecido ósseo, que causam osteoporose secundária 
e consequente fragilidade óssea. 
Existe uma janela de oportunidade terapêutica na fase inicial da AR, na qual é 
possível prevenir a destruição articular e conseguir a remissão de um maior 
número de doentes. É expectável que a intervenção terapêutica numa fase inicial 
da doença interfira sistemicamente com a biologia óssea, evitando alterações das 
propriedades intrínsecas do osso a um nível nano e micro estrutural.  
O desenvolvimento de estratégias terapêuticas capazes de controlar a inflamação 
e a degradação óssea, com elevada taxa de remissão, baixa incidência de efeitos 
secundários e baixos custos de produção continua a ser um objectivo por 
alcançar no tratamento da AR. 
A nossa hipótese é de que o impacto da inflamação nas propriedades micro e 
nano estruturais do osso (propriedades intrínsecas do tecido ósseo, 
independentes da arquitetura óssea global e directamente dependentes da forma 
como as células ósseas, o colágeno e os cristais de cálcio interagem) ocorre 
imediatamente após os primeiros sintomas da AR, e que estes efeitos podem ser 
prevenidos pela intervenção terapêutica precoce com fármacos capazes de 




A presente tese caracteriza as alterações iniciais da degradação óssea na AR e 
explora o efeito de novas intervenções terapêuticas neste contexto. 
Assim, na primeira parte desta tese, demonstrou-se em modelo de rato de artrite 
induzida por adjuvante (AIA) um aumento da espessura sinovial devido à 
infiltração de células do sistema imunitário nas camadas íntima e subíntima, 
conduzindo a erosões ósseas e degradação da superfície da cartilagem articular. 
Estas alterações estão presentes desde a fase inicial da doença, sendo paralelos 
a um aumento dos niveis séricos de IL-6. A osteoclastogénese (diferenciação e 
activação de osteoclastos) é potenciada pelo ambiente inflamatório, causando 
erosões ósseas articulares e alterações sistémicas na remodelação óssea.  De 
facto, demonstrou-se um aumento da remodelação óssea (aumento da 
reabsorção e formação), evidenciado pelo aumento do CTX-I (telopeptídeo C-
terminal do colagénio do tipo I) e do P1NP (propeptídeo amino-terminal do 
procolagénio do tipo I) desde a fase inicial da artrite. A histologia convencional 
confirmou estes dados. Os animais artríticos apresentaram uma maior frequência 
de lamelas concêntricas secundárias nos sistemas de havers, como 
consequência da remodelação óssea intensa. Pelo contrário, os animais 
saudáveis apresentaram mais estruturas ósseas paralelas. Estas estruturas de 
osso organizado, característico de estruturas ósseas maduras (remodelação 
óssea fisiológica), são 10% mais duras que as lamelas de osso concêntricas. O 
tecido ósseo artrítico é assim composto por um maior número de estruturas 
imaturas, menos mineralizadas e menos duras, explicando a redução da dureza 
que observámos através dos testes de nanoindentação. Além disso, observou-se 
desde uma fase inicial da artrite o aumento da área ocupada pelas lacunas dos 
osteócitos. Esta aparente alteração da morfologia dos osteócitos pode estar 
relacionada com necrose óssea, potenciada pelo desenvolvimento da artrite, 
levando à perda de mineralização óssea, diminuição da dureza e 
comprometimento da capacidade mecânica. 
Na presente tese demonstramos ainda que a artrite induz a perda de mineral e 
colagénio no osso trabecular desde a fase inicial do desenvolvimento da doença. 
Resultados de estrutura óssea adquiridos por micro tomografia computorizada 
(micro-CT) revelaram que os animais artríticos apresentavam um menor volume 




um aumento da separação trabecular, em comparação com os animais 
saudáveis. Os resultados também demonstraram diferenças corticais na 
capacidade do osso resistir a torção (momento polar de inércia), sugerindo desta 
forma, alterações da capacidade mecânica nos grupos artríticos desde a fase 
inicial da artrite. Além disso, registou-se um aumento da porosidade cortical e 
trabecular nos grupos artríticos em comparação com os controlos saudáveis. 
Estes dados foram reforçados pelas observações realizadas com 
histomorfometria clássica, que demonstrou uma diminuição da integridade 
estrutural em animais artríticos. De forma coerente com estas alterações 
estruturais ósseas, os nossos resultados tambem demonstraram uma diminuição 
das propriedades mecânicas desde uma fase muito inicial da artrite.  
Estes resultados revelaram que a inflamação promove alterações estruturais 
ósseas a nivel nano e micro estrutural, conduzindo à fragilidade óssea desde o 
inicio da artrite. Além disso, demonstramos que o modelo animal de artrite AIA é 
adequado para o estudo do impacto da inflamação no osso, bem como para a 
avaliação e identificação de possíveis compostos para o tratamento da artrite e 
suas alterações ósseas. 
 
A segunda parte desta tese, procurou contribuir para a pesquisa de novas 
terapêuticas para a AR, com maior eficácia no controle da inflamação e dano 
ósseo, mais seguras e menos dispendiosas. 
Em estudos anteriores, demonstramos que o celastrol é um candidato terapêutico 
promissor para a AR por inibição da produção de IL1β e TNF. Os resultados 
agora apresentados mostraram que o celastrol foi capaz de reduzir o número de 
células B e T na membrana sinovial bem como fibroblastos e macrófagos CD68 
positivos. O celastrol demonstrou ainda capacidade para a preservação da 
cartilagem e estrutura ossea, controlando a inflamação focal responsável pela 
degradação do tecido ósseo. A nível sistémico o celastrol levou à diminuição da 
remodelação óssea, preservação da estrutura óssea e suas propriedades 
mecânicas. Além disso, o tratamento com celastrol mostrou efeitos superiores 
quando administrada numa fase inicial do desenvolvimento da artrite, o que realça 
a importância do tratamento precoce para prevenir as alterações ósseos 




O tofacitinib também foi testado no modelo AIA de artrite no rato, a fim de avaliar 
os efeitos sobre a micro e nano estrutura do osso e as suas propriedades 
mecânicas. 
O tofacitinib é um inibidor selectivo da janus quinase 1 (JAK1) e janus quinase 3 
(JAK 3), que interfere com a dimerização do transdutor de sinal e activador de 
moléculas de transcrição (STAT), bloqueando a activação da transcrição génica 
que é dependente da via de sinalização JAK -STAT. Os resultados demostraram 
uma diminuição das manifestações inflamatórias da artrite, diminuição da 
inflamação do tecido sinovial e erosões ósseas, acompanhadas por uma redução 
da taxa de remodelação óssea e uma predominância de estruturas organizadas 
paralelamente no tecido ósseo. A análise das propriedades intrínsecas do tecido 
ósseo, através da técnica de nanoindentação, permitiu identificar que o tofacitinib 
aumentou a dureza cortical e trabecular do osso. No entanto, a micro-CT e os 
testes de flexão de 3 pontos revelaram que o tofacitinib não reverteu os efeitos da 
artrite na estrutura óssea cortical e trabecular e nas suas propriedades 
mecânicas. Este efeito no osso pode estar relacionado com o mecanismo de 
acção do tofacitinib, que promove interacções moleculares complexas com o 
osso, podendo estas ter um efeito negativo global, não totalmente compensado 
pelos benefícios resultantes do controlo da inflamação. Não se pode excluir que o 
tofacitinib possa necessitar de mais tempo de exposição terapêutica para ter um 
impacto na qualidade óssea. 
De um modo geral, os resultados da presente tese suportam a hipótese de que o 
impacto da inflamação nas propriedades micro e nano estruturais do osso 
ocorrem numa fase muito inicial da artrite, após os primeiros sintomas, e que 
esses efeitos podem ser prevenidos por uma intervenção terapêutica muito 
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Rheumatoid arthritis (RA) is a chronic, systemic and immune-mediated 
inflammatory disease that mainly affects the synovial membrane of multiple small 
joints. As a consequence, RA results in cartilage and bone damage, leading to 
functional impairment and an increase in morbidity and mortality. Early diagnosis 
and adequate treatment are critical to prevent RA progression, as joint destruction 
can occur immediately after its onset.  
The most characteristic feature of RA is synovial hyperplasia, which is mediated 
by several immune cells, such as T-cells, B-cells, neutrophils, macrophages and 
by a complex cytokine network, especially interleukin (IL)-1β, tumor necrosis factor 
(TNF) and IL-6. RA inflammatory environment induces osteoclastogenesis, 
promoting disturbances in skeletal bone remodeling, which ultimately leads to the 
development of secondary osteoporosis and consequent bone fragility. 
An opportunity for a more effective treatment intervention was identified in early 
RA, when permanent damage can be prevented and a higher number of patients 
can achieve remission. Early treatment intervention might also interfere 
systemically with bone biology preventing bone micro and nano architectural 
damage.  The development of therapeutic strategies able to control both 
inflammation and bone degradation, with a high rate of disease remission, low 
incidence of side effects and low production costs is still an unmet medical need in 
RA. 
Our hypothesis is that the impact of inflammation on bone micro and nano 
properties (intrinsic bone tissue properties, independent of the overall bone 
architecture and directly dependent on the way bone cells, collagen and calcium 
crystals interact) occurs almost immediately, upon first symptoms, and that these 
effects can be prevented by early intervention with drugs able to control 
inflammation and capable of interfering also with bone metabolism. 
This thesis characterizes the early events of bone damage in RA and explores the 
effect of novel treatment interventions in this context. 
Accordingly, in the first part of this thesis, we used an adjuvant induced arthritis 




layer cells, bone erosions and cartilage surface damage present since the early 
stages of arthritis, as well as increased levels of IL-6. This inflammatory 
environment promotes osteoclastogenesis, which is related to the observed local 
bone erosion and may interfere systemically with bone skeletal remodeling. 
Indeed, AIA animals showed an increased bone turnover, as depicted by 
increased CTX-I (Carboxy-terminal telopeptide of type I collagen) and P1NP 
(amino terminal propeptides of type I collagen) levels since the early stages of 
arthritis. Bone histology was consistent with this early onset spur of bone 
remodeling. Arthritic animals showed concentric lamellas in secondary osteons 
(SO), which are the consequence of intense bone remodeling. On the contrary, 
healthy animals presented more parallel-lamellae (PL) structures than SO 
structures and these PL structures are 10% harder than SO structures, 
representing the mature bone structure (normal bone remodeling). Thus, arthritic 
bone tissue was composed of a larger number of younger, less mineralized and 
less hard structures, explaining the reduced hardness that we have observed by 
nanoindentation. Moreover, an increased area occupied by osteocyte lacunae was 
detected early on in the arthritis process. This apparent change of osteocyte 
morphology might be related to bone necrosis, leading to mineral loss, decreased 
hardness and possibly mechanical weakness. In addition, we have also 
demonstrated that arthritis induces mineral and collagen loss in trabecular bone 
since the early phase of arthritis development. At a higher organizational level 
data, micro computed tomography (micro-CT) revealed in arthritic animals a lower 
fraction of cortical and trabecular bone volume with reduced trabecular thickness 
together with a higher trabecular separation, in comparison with controls. Results 
also demonstrated cortical differences in polar moment of inertia, suggesting 
mechanical weakness in arthritic groups since the early phase of arthritis. 
Furthermore, cortical and trabecular porosity were increased in the arthritic groups 
compared to healthy controls. We also confirmed these observations by classic 
histomorphometry, which demonstrated a decreased structural integrity in arthritic 
animals. Coherent with these structural defects, our results also showed that in 
very early arthritis bone has low mechanical competence. Altogether, these results 
revealed that inflammation promotes bone nano and micro structural disturbances, 




provided the basis for using the AIA animal model of arthritis as an adequate 
model for studying the impact of inflammation on bone and for assessing 
candidate compounds for the control of arthritis and its associated bone damage.  
The quest for new RA treatments, more effective at inflammation and bone 
damage control, safer and less expensive is still a major need. Previously, we had 
demonstrated that celastrol, acts by downregulating IL1β and TNF production, was 
a promising RA therapeutic candidate. Herein we have demonstrated that celastrol 
was able to reduce the number of synovial B and T-cells as well as fibroblasts and 
CD68 macrophages. Accordingly, we showed that celastrol protects cartilage and 
bone from inflammation-induced focal damage. At a systemic level, we observed a 
reduction in bone turnover together with preservation of bone structural and 
mechanical properties. Moreover, celastrol therapy showed superior effects if 
administrated in an early phase of arthritis development, which highlights the 
importance of an early treatment to limit inflammation-induced bone damage. 
Tofacitinib was also tested in order to assess the effects on micro and nano 
structural and mechanical properties of bone in an AIA rat model of arthritis. 
Tofacitinib is a selective inhibitor of janus kinase 1 (JAK1) and janus kinase 3 (JAK 
3). Results showed significant reduced arthritis manifestations, synovial tissue 
inflammation and bone erosions, accompanied by a reduced bone turnover rate 
and a predominance of parallel structures on bone tissue. At tissue level, 
measurements performed by nanoindentation showed that tofacitinib increased 
bone cortical and trabecular hardness. However, micro-CT and 3-point bending 
tests revealed that tofacitinib did not revert the effects of arthritis on cortical and 
trabecular bone structure and mechanical properties. This effect on bone might be 
related to the mechanism of action of tofacitinib which has complex and conflictual 
molecular interactions with bone. We suggest that these interactions have an 
overall negative effect not totally compensated by the benefits resulting from the 
control of inflammation. On the other hand, tofacitinib may require more exposure 
time to have an impact on bone quality.  
Overall, the results of the present thesis support the hypothesis that the impact of 
inflammation on bone micro and nano properties occurs almost immediately, upon 




prevented by very early intervention with drugs able to control inflammation and 
capable of interfering with bone metabolism.  
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Rheumatoid arthritis and early bone damage 
The immunological system activation may occur several years before the first 
clinical signs of rheumatoid arthritis (RA). 
Based on our previous studies in a mouse model of chronic arthritis, we have 
suggested that inflammation promote disturbances in the bone mechanical 
properties and collagen turnover and organization. Our proposed hypothesis was 
that the initial steps towards bone fragility are determined by early changes in 
collagen type I organization and mineralization, capable of interfering with the 
intrinsic bone tissue properties. These are bone nano level properties, 
independent of the overall bone architecture and directly dependent on the 
interaction between bone cells, collagen and calcium crystals. 
 
An opportunity for a more effective treatment intervention was identified in early 
RA, when permanent damage can be prevented and a higher number of patients 
can achieve remission. Early treatment interventions might also interfere 
systemically with bone biology preventing bone nano and micro architectural 
damage.    
This thesis characterizes the early events of bone damage in RA and explores the 




























Rheumatoid arthritis  
Definition 
RA is a chronic, systemic progressive and immune-mediated inflammatory disease 
that mainly affects the synovium of multiple joints, leading to progressive damage 
of cartilage and bone [1-4]. The inflammatory process typically impacts on small 
joints, particularly hands and feet joints, usually bilaterally and symmetrically [5].  
Systemic inflammation can additionally induce disorders on multiple organs and 
systems [5] such as  interstitial lung disease (ILD) and pleural effusion; secondary 
renal amyloidosis; and pericardial effusion [6]. RA patients have an increased 
atherosclerotic burden and consequently a higher cardiovascular risk [7,8]. 
Hematologic complications of RA are common and may include anemia, Felty's 
syndrome (characterized by neutropenia), lymphoma and leukemia [6]. Rarely, 
severe RA patients may present vasculitis, which ranges from mild to very 
aggressive [9]. RA is also commonly associated to secondary Sjögren's syndrome, 
which is manifested by mouth and eye dryness, foreign-body sensation in the eye 
and photophobia [10].  
Quality of life is significantly reduced due to pain, fatigue, loss of body function and 
increased mortality, when compared with the general population [11]. Furthermore, 
the incidence of RA is higher in individuals between 30 to 50 years of age (75% 
are women) affecting individuals in the most active period of their personal and 
professional lives. RA can lead to inability of developing most of the daily tasks 
[12]. In addition, RA patients have significantly higher expenses in home care, 
child care, use of medical equipment and devices, and home remodeling in order 
to adapt their physical condition to the environment [13]. Thus, individual economic 
burden is often associated with disease progression [14]. RA is a relatively 
frequent disease (overall world prevalence of 0.5% to 1%) [14] and in Portugal 
accounts for 0.7% of the population [15], which represents a significant impact on 
health systems [16]. 
During the early phase of RA, the disease can be asymptomatic and several 
months can pass until the final diagnosis is made [17]. Disease progression can 




determined prognostic factors, such as high joint counts, early disability, high 
inflammatory markers, positive rheumatoid factor (RF) and anti citrullinated protein 
antibodies (ACPA), and early joint erosions [18].  
Treatment decisions are influenced by these prognostic factors. A rapid diagnosis 
and an effective therapeutic strategy intervention are crucial to prevent disease 
progression [19,20].  
The RA diagnosis criteria published in 1987 by the American College of 
Rheumatology (ACR) focused in the identification of patients with established 
disease [21] (Table 1) .  
 




















Patient is diagnosed with RA if meets at least four criteria. Patients with two clinical criteria 
parameters are not excluded. Adapted from [21] 
 
Consequently, the 1987 criteria failed to identify patients in the initial phase of 




new classification criteria to identify patients earlier in the disease process [22] 
(Table 2).  
 
Table 2 – American College of Rheumatology / European League Against Rheumatism 





































The criteria are aimed at classification of newly presenting patients; 
b
 Differential diagnoses vary 
among patients with different presentations. If it is unclear about the relevant differential diagnoses 
to consider, an expert rheumatologist should be consulted; 
c
 Although patients with a score of < 
6/10 are not classifiable as having rheumatoid arthritis, their status can be reassessed and the 
criteria might be fulfilled cumulatively over time; 
d
 Joint involvement refers to any swollen or tender 
joint on examination, which may be confirmed by imaging evidence of synovitis; 
e
 Large joints 
refers to shoulders, elbows, hips, knees, and ankles; 
f
 Small joints refers to the 
metacarpophalangeal joints, proximal interphalangeal joints, second through fifth 
metatarsophalangeal joints, thumb interphalangeal joints and wrists; 
g 
Negative refers to 
international unit (IU) values that are less than or equal to the upper limit of normal (ULN) for the 
laboratory and assay; low-positive refers to IU values that are higher than the ULN but ≤ 3 times 
the ULN for the laboratory and assay; high-positive refers to IU values that are > 3 times the ULN 
for the laboratory and assay. Where rheumatoid factor (RF) information is only available as positive 
or negative, a positive result should be scored as low-positive for RF. ACPA – anti-citrullinated 
protein antibody; 
h
 Normal/abnormal is determined by local laboratory standards. CRP – C-reactive 
protein, ESR – erythrocyte sedimentation rate; 
i
 Duration of symptoms refers to patient self-report 
of the duration of signs or symptoms of synovitis (e.g. pain, swelling, tenderness) of joints that are 
clinically involved at the time of assessment, regardless of treatment status. Adapted from [22] 
 
The inflammatory environment that occurs in RA induces bone remodeling 
disturbances, contributing not only to bone erosions but also to the development of 
secondary osteoporosis, which increase the risk of bone fracture [23]. 
The World Health Organization (WHO) developed FRAX, in order to assess, in 
untreated subjects over 40 years old, the ten year probability of both a major 
fracture and a hip fracture, with or without the use of Bone Mineral Density (BMD) 
[24]. FRAX is an algorithm based on a multivariate model, which includes 
independent clinical risk factors for fracture that allows the determination of the 
fracture threshold for treatment decision probability [25]. Of interest, RA is one of 
these independent fracture risk factors. 
 
Etiopathogeny 
The exact cause of RA is unknown, however genetic and environmental factors 
contribute to the etiopathology of this complex disease [26]. The major 
histocompatibility complex (MHC) is a cell complex that exhibit surface proteins 
and play an important role for the recognitions of foreign molecules by the immune 
system, especially T-cells. MHC class II human leukocyte antigen (HLA)-
DRB1*0404 and DRB1*0401 alleles, are the strongest genetic factor related to RA 
[27,28]. In Mediterranean areas, including Portugal, an additional allele was found, 
DRB1*1001, which is also associated to RA [29]. The specificity of the T-cells are 




molecules that present selected peptides, suggesting that RA results from the 
presentation of an unidentified, exogenous or endogenous antigen [30,31].  
In RA, the production of autoantibodies specific for immunoglobulin or for cyclic 
citrullinated peptides, precedes the clinically onset [32]. 
Several studies have reported that smoking is a risk factor for RA in individuals 
with HLA-DRB1 susceptibility alleles [33], promoting also the development of 
ACPA [34]. Many other risk factors for RA have been identified, such as 
breastfeeding, pregnancies, lifestyle, diet, smoking and obesity amongst others 
[35]. Accordingly, interactions between genes and environmental risk factors are 
pivotal in the predisposition of individuals to developed RA.  
 
The inflammatory environment present in early and late phases of the disease is 
responsible for the production of cytokines and consequent perpetuation of 
inflammation, which maintain inflammatory cells activated in a positive feedback 
loop [36]. This process involves a complex network between innate and adaptive 
immune system and their products [1]. The activation of T-cells, mediated by the 
binding of TCR to (auto)-antigen MHC on antigen presenting cells (APC), leads to 
the activation of synovial monocytes, macrophages and fibroblasts, through the 
production of interferon-γ [37,38]. Many of these activated cells express abundant 
HLA class II and adhesion molecules, which play a role in the inflammatory 
process by antigen presentation [39-44] and produce pro-inflammatory cytokines, 
such as interleukin (IL)-1β, TNF, IL-17 and IL-6 [45] [46]. .  
Normal joint (Fig.1 A) is constituted by a thin synovial membrane composed by 
one to two cell layers, in close contact with the synovial fluid. [47]. RA synovial 
fluid is enriched predominantly with neutrophils, macrophages, T lymphocytes and 
dendritic cells (Fig.1 B). Cellularity is increased in synovial membrane and, as a 
consequence, the lining layer is increased in cells thickness, and is comprised 
mostly by activated macrophages with an underlying layer of fibroblast-like cells 
[38]. 
The deeper layers of RA synovium might have follicles of lymphoid cells around 
vessels as well as dispersed lymphocytes between them. Neovascularization and 
activated endothelial cells are increased as well as cellular infiltration in the 




macrophages and T-cells, but plasma cells, dendritic cells, neutrophils and 





















Figure 1 - Representative schemes illustrating and comparing healthy (A) and arthritic (B) 
articular joint. The joint affected by RA (b) shows increased inflammation and cellular activity. 
Adapted from [49,50].  
 
Chondrocyte function is affected by several factors produced by RA synovial 
tissue and fluid, such as the up-regulating products that enhance matrix 
degradation but also suppress matrix synthesis and repair. Among RA synovial 
products, IL-1β and TNF play an important role in cartilage loss [51]. Several 
studies demonstrated that IL-1β stimulates metalloproteinases (MMPs) production 
and other products such as nitric oxide [52-55]. Others studies have also 
demonstrated that the effects of TNF are similar to, or are synergistic with IL-1β, 
thus indicating an additional role for this cytokine in cartilage destruction [55,56]. 
These cytokines further contribute to the depletion of the cartilage matrix by 
decreasing the synthesis of cartilage-specific collagens and proteoglycans [57-60]. 




loss of normal protective properties [61], inducing changes in the mechanism of  
protein-binding, promoting the invasion and consequent adhesion by fibroblasts 
like-synoviocytes (FLS) [62]. FLS synthetize MMPs, which promote collagen type 
II network disruption, affecting glycosaminoglycan and water content leading to 
cartilage biomechanical properties dysfunction. These processes ultimately 
conduct to the destruction of cartilage surface and to radiographic appearance of 
joint-space narrowing [63]. 
On the other hand, RA inflammatory environment induces osteoclastogenesis, 
which is the process of osteoclast formation and maturation, thus promoting bone 
resorption and focal erosions [64]. In addition, the systemic inflammatory 
environment promotes disturbances in skeletal bone remodeling, shifting the 
balance towards bone resorption. This ultimately leads to the development of 
secondary osteoporosis, which is characterized by bone loss, structural 
impairment and decreased bone strength, causing an increased fracture risk 
[65].  In the following sections a detailed description of bone tissue and its 
mechanical properties and the current knowledge on how these are affected by 









Bone is a hierarchical structure with mechanical characteristics dependent on the 
synergistical combination of its organic and inorganic components. 
At the nano scale, bone is composed by mineralized collagen fibrils. Collagen 
fibers are organized in lamellae (Fig. 2A) oriented in the same direction, which are 
packed in several layers with different angles. Immature bone, present during 
growing and fracture repair, lack this organization and is known as woven bone 
[66].  
Haversian bone (found in the cortical aspect of bone) is a highly organized 




which are composed by a vascular channel containing nerves and blood vessels 
(Fig. 2A). This complex structure is named osteon. Volkmann’s canals are  
transversal to the Haversian canal and provide vascular support to bone [67]. 
Osteons are the functional units of cortical bone and are in a constant remodeling 
process. High bone remodeling is associated with the appearance of concentric 
lamellas in secondary osteons, as previously described [68-70]. Dall’Ara et al. 
suggested that larger numbers of these younger, less mineralized and less hard 
structures, could be related to reduced hardness of bone tissue. On the contrary, 
more parallel-lamellae structures are 10% harder than the former, representing a 
mature bone structure [70]. 
Between lamellae there are ellipsoidal holes called lacunae, which are occupied 
by osteocytes. These cells communicate with each other through channels named 
canaliculi’s, occupied by dendritic filaments [71,72].  
A cement line is a calcified thin layer of mucopolysaccharides with low collagen 
and mineral content [73], which is arranged around the new osteon. This cement 
line represents a weak boundary that plays an important role in the mechanical 
behavior of bone, responsible for energy dissipation during crack propagation. 
[73,74].  
At the highest hierarchical level, bone is a porous mineralized structure composed 
by cells, vessels and crystals of calcium compounds (hydroxyapatite).  
There are two mature forms of bone, cortical and trabecular, with similar chemical 
compositions, but different in their structure [66]. Cortical bone represents the 
external side of skeletal structure and is characterized by a dense and compact 
structure, which contains 80% of the total bone mass [64]. This skeletal structure 
organization has a low bone turnover and a higher resistance to torsion and 
bending. This calcified structure provides mechanical strength, rigidity and 
protection. In addition, cortical bone can also play an important role in metabolic 
processes, particularly in the maintenance of calcium levels. 
Trabecular bone, located in the medullar part of bones, constitutes 20% of the total 
skeletal mass [75]. Trabecular bone has a higher turnover rate comparing to 
cortical bone due to its higher bone surface, representing 80% of the total bone 
surface. This type of bone is more elastic and less dense, capable of tolerating 










Bone matrix is composed by collagen and noncollagenous proteins, which 
represent about 90% of the total organic content of the whole bone tissue [78].  
Collagen is the most common protein in mammals and represents a family of 
proteins present in connective tissues. These are ubiquitous proteins, responsible 
for the maintenance of bone tissue integrity. Structurally, collagen contains a 
three-polypeptide chain, with a triple-helix structure, which is arranged in fibrils and 
then assembled into fibers [79].  
Collagen type I fibers can be organized in arches, which confer a higher collagen 
density in bone tissue. Collagen fibers can also be organized parallel to each other 
or in a concentric conformation in order to surround the Haversian system. The 
hydroxyapatite crystals [3Ca3(PO4)2・(OH)2] tend to acquire collagen fibers’ 
organization [64]. 
Several noncollagenous proteins are present in bone matrix. However, their role is 
not fully understood. Osteocalcin is one of the major noncollagenous protein 
present in bone matrix. It plays an important role in calcium binding, 
hydroxyapatite matrix stabilization and negative regulation of bone formation, 
inhibiting premature and inappropriate mineralization [80]. Another noncolagenous 





Collagen type I is the most common protein in bone matrix. It represents 95% of 
the total collagen in bone [82]. The remaining 5% of collagen bone composition is 
composed by other collagenous proteins, such as type III and V, that modulate 
fiber diameter [83] .  
Collagen type I is organized in a three dimensional arrays in concentric weaves 
(Fig. 3A). The collagen structure is composed by three interwoven chains that can 
vary between homotrimeric or heterotrimeric, according to the collagen type 
[84,85]. The repeated glycine triplet Gly-X-Y  is responsible for the triple helix 
conformation, where the position X is commonly a proline and the position Y a 
hydroxyproline [84]. The third position, in the center of the triple helix, is filled by 
the small amino acid Gly (Fig. 3A). 
Fibril structures are constituted by collagen molecules that comprehend short 
terminal domains, N- and C-propeptides, which subsequently suffer proteolytic 
cleavage. This process produces tropocollagen, a triple helix collagen structure 
with short telopeptides (Fig. 3C; D). The final assembly of fibrillary collagen 
involves the interaction with several proteins that have a role in the organization of 
the matrix pattern and control the diameter of the fibrils (Fig. 3E) [86,87]. 
Furthermore, biglycan and decorin, two proteoglycans, interact with the collagen 






Figure 3 – Collagen type I synthesis process. Two identical α1 and one α2 (A) peptide chains 
form a procollagen protein (B). Procollagen peptidase (C) removes the chains termini to create a 
type I tropocollagen molecule (D). Tropocollagen molecules induce the formation of a growing 
collagen fibril (E). A connected collagen fibrils forms a type I collagen fiber (F). Adapted from [92].  
 
 
In clinical practice, products of the collagen processing or breakdown, both for 
formation or degradation, act as markers of collagen turnover and are used to 
assess bone remodeling [93]. 
Bone formation can be assessed through the quantification of several serum or 
plasma markers, such as osteocalcin, bone specific alkaline phosphatase (BSAP) 
and  amino or carboxy-terminal propeptides of collagen type I (P1NP, P1CP) [94]. 
P1NP is widely used for scientific research, due to the fact that it is a stable 
soluble marker and has low interindividual variability [95,96]. P1NP results from 
the posttranslational cleavage of the pro-collagen molecule before its organization 
into fibrils [97,98]. The propeptides P1NP and P1CP are two small domains, which 
compose the procollagen molecule that is enzymatically cleaved after secretion 




the amount of newly collagen formation, where serum levels can be correlated 
with bone formation indices assessed by histomorphometry [99,100].  
The majority of bone resorption markers result from the degradation products of 
collagen type I, with the exception of tartrate resistant acid phosphatase 
(TRAP5b), which is a bone marker independent from the collagen cleavage [94]. 
TRAP5b is a bone resorption indicator, which is highly specific for osteoclasts in 
vivo, reflecting the number of osteoclasts [101]. TRAP5b is probably the most 
reliable resorption marker [95]. Bone resorption markers can be measured in urine 
through the quantification of pyridinoline (PYD) or deoxypyridinoline (DPD) and in 
the serum or plasma by dosing carboxy and/or amino-terminal cross-linked 
telopeptide of type I collagen (NTX I and CTX I, respectively) [95]. The cross-
linked telopeptides of collagen type I, carboxy (CTX) and amino–terminal (NTX), 
are products of the collagen cleavage. Both CTX and NTX are products of 
cathepsin K (CTSK) action and represent collagen breakdown. However, the 
circadian variation of CTX represents a major disadvantage and sample 
acquisition must be collected during morning fasting [102]. In contrast, NTX is 
easier to be used in the clinical setting as it is not affected by circadian changes 




Total bone protein is composed by 10 to 15% of noncollagenous proteins. 
Osteoblasts are responsible for the major production of noncollagenous proteins. 
However, 25% of noncollagenous proteins, such as the plasma protein α2-HS-
glycoprotein, are produced in the liver [64]. The noncollagenous proteins albumin 
and α2-HS-glycoprotein are able to bind hydroxyapatite, due to their acidic 
characteristics. Matrix mineralization is partially regulated by resultant products of 
noncollagenous proteins. In addition, α2-HS-glycoprotein helps to control cell 
proliferation of bone [64]. The exogenous noncollagenous proteins are essentially 
composed of growth factors, which may affect the cellular activity of bone. Several 
categories divide the noncollagenous proteins in proteoglycans, glycosylated 
proteins, glycosylated proteins able to cell-binding and Ɣ-carboxylated (gla) 




regulation of bone turnover, mineral bone deposition and bone cellular activity 
have been suggested [64].  Osteocalcin is produced by osteoblasts and plays an 
important role in the deposition of calcium in collagen fibrils. However, studies 
suggest that osteocalcin mainly inhibits bone formation [104]. The highest level of 
osteocalcin expression is present in osteocytes, which are cells not actively 
engaged in promoting mineral maturation [105]. Osteocalcin is currently regarded 
as a bone turnover marker rather than a bone formation marker, considering that 
serum osteocalcin is a product of osteoclastic activity during bone resorption [64]. 
The major bone glycosylated protein is alkaline phosphatase, which binds to 
osteoblast surface through phosphoinositol linkage. However, the specific role of 
alkaline phosphatase in bone mineralization remains unclear [106]. Osteonectin is 
another major common noncollagenous protein in bone, playing a role in 
osteoblast proliferation and bone matrix mineralization [107].  
 
 
Hydroxyapatite crystals  
Bone is composed by 50-70% of minerals, 20- 40% of organic matrix, 5-10% of 
water, and approximately 3% of lipids [64]. Bone mineral content is mainly 
hydroxyapatite [Ca10(PO4)6(OH)2], with  low amounts of carbonate, acid phosphate 
and magnesium [64]. The mineral deposition is regulated by proteins that bind 
calcium and phosphate which control the size and amount of the new 
hydroxyapatite crystals. Mineral content provides structural and mechanical 
strength and stiffness to bone, while the organic matrix provides elasticity and 
flexibility, able to absorb loads. [64,108].  
Osteoblasts synthesize the extracellular matrix, a protected microenvironment, 
allowing the increase of calcium and phosphate levels in order to promote 
precipitation and formation of hydroxyapatite crystals [64].  
Vesicles from extracellular matrix are composed by a nucleation core, containing 
proteins, acidic phospholipids, calcium and inorganic phosphate which precipitate 
as hydroxyapatite crystals [109]. Bone matrix macromolecules may favor the initial 
crystal nucleation, which isolate mineral ions in order to increase calcium and 
phosphorus concentrations or promote heterogeneous nucleation. 




Matrix mineralization is regulated by phosphoprotein kinases and alkaline 
phosphatase. Alkaline phosphatase increase local phosphorus levels by removing 
phosphate-containing inhibitors of hydroxyapatite crystal growth, or by modifying 
the ability of phosphoproteins to act as nucleators (mineralization promoters) 
[110]. 
Vitamin D indirectly stimulates the mineralization of bone matrix [64]. After vitamin 
absorption or endogenous skin production, 25-hydroxyvitamin D is synthetized by 
the liver and subsequently the biologically active form of vitamin D, 1,25-
dihydroxyvitamin D [1,25-(OH)2D], is produced by kidneys. Serum 1,25-(OH)2D is 
responsible for the regulation of calcium and phosphorus serum concentrations to 
permit passive mineralization of bone matrix. Calcium and phosphorus are 
absorbed by the intestine through serum 1,25-(OH)2D stimulation [111]. The 
active form of vitamin D also promotes osteoblast differentiation and stimulate the 
production of alkaline phosphatase, osteocalcin, osteonectin, osteoprotegerin 






The osteoclast is a giant multinucleated cell, which results from the fusion of 
mononuclear cells (macrophage / monocyte family) [113]. Osteoclasts are 
commonly found in close contact with the bone surface, promoting bone resorption 
and leading to the formation of resorption lacunae (Howship’s lacunae). 
The osteoclasts attachment to bone commonly occurs through podosomes, 
dynamic structures that allow their motion throughout bone surface [114]. This 
process occurs during bone resorption, which involves binding of protein integrins 
to the bone surface [115], allowing the formation of the sealing zone, where bone 
resorption occurs. 
Osteoclasts have a complex cell organization, with an abundant Golgi apparatus, 
mitochondria and vesicles for the transport of lysosomal enzymes [116]. These 




are in close contact with the sealed zone of the bone matrix [117,118]. TRAP and 
cathepsin K are two lysosomal enzymes synthesized by osteoclasts that play role 




The osteoblast is derived from mesenchymal stem cells and is responsible for 
bone matrix production [64]. Osteoblasts are arranged in clusters, lining on the 
layer of bone where they produce new bone matrix [121]. 
Bone formation occurs in three distinct phases: production, maturation of the 
osteoid matrix and respective mineralization [122]. Firstly, osteoblasts synthesize 
osteoid through collagen deposition, which is followed by mineralization 
proportional to the previous collagen synthesis. Lastly, collagen synthesis 
decrease, while mineralization still continues, in order to ensure the mineralization 
of all the new osteoid [122]. 
Osteoblasts play an important role in the maintenance of bone resorption, through 
the expression of receptor activator of nuclear factor-kappaB (RANK) ligand 
(RANKL) that binds to RANK receptor. This receptor lies on the pre-osteoclasts 
surface, and promotes osteoclast differentiation and fusion. On the other hand, 
osteoblasts are also able to produce OPG, a RANKL receptor which blocks the 




Osteocytes derive from osteoblasts that have been trapped in the osteoid during 
bone formation process, are non-proliferative and terminally differentiated cells. 
Osteocytes constitute the main cellular component of mammalian bone, 
representing more than 95% of bone cells [125].  
It remains unclear if the decision for an osteoblast to become an osteocyte is 
determined by a specific pattern of gene expression, a cell autonomous response 





Osteocytes locked inside a small lacuna, have numerous microfilaments that are 
organized during the formation of the matrix and before its calcification. They form 
a network of thin canaliculi permeating the entire bone matrix [127]. Moreover, 
osteocytes communicate with each other and with the cells at bone surface 
through this lacuna-canalicular system [128]. Once embedded within bone matrix, 
the osteocyte ceases its matrix synthetic activity and initiates the function as strain 
and stress sensor [129]. Osteocytes react to bone strain by increasing remodeling 
of bone tissue through osteoclast recruitment [130]. Another function of osteocytes 
within the bone cell network is the ability to deposit and resorb bone around the 
lacunae in which they are housed, by a process called osteocytic osteolysis [131]. 
Both osteocyte functional activity and morphology are dependent on cell age. After 
osteoblast is trapped into the bone matrix, it starts to lose its osteoblast 
characteristics, decreasing cell volume and capacity for protein synthesis. During 





Bone is a living organ that retains the ability of regeneration in adult life. Bone 
remodeling results from bone cellular activity, where matrix is renewed to maintain 
mechanical strength and mineral homeostasis. The bone remodeling process 
consists in the resorption of the old bone and formation of the new bone [133,134]. 
Osteoblasts and osteoclasts closely collaborate in the remodeling process 
constituting the basic multicellular unit (BMU) [135]. The organization of the BMUs 
in cortical and trabecular bone differs mainly in morphologic rather than biologic 





Figure 4 - Structural organization of the basic multicellular units (BMU) in cortical and 
trabecular bone. Remodeling starts within bone remodeling compartment (BRCs) at trabecular 
bone (upper panels) and within cortical bone Haversian canals (lower panels). HSCs - 
hematopoietic precursor cells; MSCs - mesenchymal stem cells. Adapted from [136]. 
 
Cortical BMUs are organized in a cylindrical structure that gradually forms a pit 
within bone tissue [137]. During the remodeling cycle, activated osteoclasts open a 
circular channel in the load direction. Later, this channel will be occupied by 
osteoblasts, promoting bone formation [137,138]. Each year, cortical bone is 
remodeled approximately in 2 - 5% [139]. In contrast, trabecular bone has an 
annual turnover rate of about 15 -25% [139].  
The bone remodeling cycle starts with the activation phase, which involves 
osteocytes, lining cells and pre-osteoblasts in the bone marrow (Fig. 5). During the 
resorption phase, pre-osteoclasts begin their migration to the bone surface, where 




resorption the reversal phase begins with mononuclear cells (reversal cells) on 
bone surface. Reversal cells are responsible for preparing bone surface for bone 
formation promoted by osteoblasts. This process will stimulate the differentiation 
and migration of osteoblasts [140]. After the osteoblastic migration, the formation 
phase begins, where osteoblasts start to produce new bone matrix. When the 
formation process is completed, the surface of the new bone is covered by 
flattened bone-lining cells, beginning a longstanding period where bone rests, 
before new remodeling cycles begin [64,122].  
 
 
Figure 5 - Physiological phases of the bone remodeling process. The remodeling cycle is 
composed of six sequential phases:  activation, resorption, reversal, formation, termination, and 
quiescence. Resorption by osteoclasts is the initial stage of bone remodeling, which osteoblasts 
respond to signals generated by osteocytes or direct endocrine activation signals, recruiting 
osteoclast precursors to the remodeling site. The following phase, reversal phase, is characterized 
by disappearance of almost all osteoclasts, conducting to the formation phase by osteoblasts. The 




The bone remodeling maintenance is both systemic and local [122]. Amongst the 
major systemic regulators of this process, there are several hormones, such as 




hormones and sex hormones [122]. At the level of local regulation of bone 
remodeling, cytokines and receptors, such as the RANK/RANKL/OPG system 
(Fig. 6), and growth factors play a role affecting bone cell functions [64]. 
RANKL/RANK interaction results in activation, differentiation and fusion of 
hematopoietic cells of the osteoclast lineage, initiating the resorption process 
[123]. Furthermore, it also prolongs osteoclast survival by suppressing their 
apoptosis [142]. This signaling indicates that bone resorption and bone formation 
are coupled processes through RANKL. 
OPG, a secretory dimeric glycoprotein, which belongs to the family of TNF 
receptors, blocks RANKL effects [143]. OPG is a decoy receptor (a soluble 
receptor acting as antagonist) for RANKL and is mainly synthesized by the 
osteoblast lineage cells [144,145]. OPG regulates bone resorption through 
inhibition of the final differentiation and activation of osteoclasts, inducing their 
apoptosis [122,123] (Fig. 6).  
 
Figure 6 - RANK–RANKL–OPG signaling pathway scheme. Osteoblasts produce receptor 
activator of nuclear factor kappa-B ligand (RANKL) and osteoprotegerin (OPG). RANKL is 
inactivated after OPG binds, resulting in the inhibition of differentiation and activation of 
osteoclasts. In the presence of downregulation of OPG, RANKL activates its receptor, RANK, 
which is expressed on osteoclasts and preosteoclast. Adapted from [146]. 
 
 
During bone lifetime there are some fluctuations on the balance of bone 
remodeling.  Negative balances may lead to bone loss and increased remodeling 




volume of resorbed bone and the volume that is formed in BMUs is positive at the 
level of trabecular surface, thus each remodeling event adds a small fraction of 
bone [147]. When skeletal size achieves its programmed size, the need for rapid 
remodeling and a positive balance between the resorbed bone volume and 
deposited in each BMUs decreases. In adults, one of the first changes in the 
remodeling machinery that conducts to bone loss is due to the decline in bone 
formation within BMUs [148]. Some studies demonstrated a reduction in bone 
formation in midlife [149,150], but this may begin in young adults when the need to 
build the skeleton declines [151-153]. Bone resorption became a priority, leading 
to bone loss and structural damage. However, the positive balance in BMUs 
during growth and the negative balance during aging are small. Thus, the rate of 
gain in bone growth and loss during aging results more from the high remodeling 
rate rather than by the magnitude of the positive or negative balance in BMUs 
[148].  
Rapid remodeling is another risk factor for bone fracture, for several reasons. One 
of them is the contribution for the old bone replacement by younger bone, less 
densely mineralized with reduced material stiffness [154,155]. As a result, bone 
may become too flexible, bending excessively and cracking under usual loading 
conditions. Second, after osteoclast activity bone present concave structures, 
corresponding to resorption sites which remain temporarily unfilled, because of the 
delay between resorption and formation, creating stress concentrators that 
predispose bone to micro damage [156]. Third, increased remodeling impairs 
isomerization and maturation of collagen, which increases the fragility of bone 
[157,158], probably by altering the crosslinking between adjacent collagen fibers. 
Another reason for bone remodeling fluctuations is estrogen deficiency, (e.g., after 
menopause), which increases the rate of remodeling and the bone-resorbed 
volume, by prolonging the life span of osteoclasts. It also decreases the bone 
volume formed by reducing the life span of osteoblasts, conducting to negative 
bone balance in the BMUs [133,159]. The combination of a rapid rate and 
imbalanced remodeling in BMUs accelerates bone loss and structural decay after 







Bone has a varied arrangement of material structures that gives bone biological 
and chemical functions, as well as mechanical competence. 
Bone must be ductile and able to absorb energy, allowing deformation during 
loading. If bone is not sufficiently ductile, the energy applied to tissue will originate 
bone microcracks because it cannot deform efficiently and absorb energy. Bone 
must also be light to allow movement [160]. The main determinants of these bone 
mechanical properties are the amount of mineral, collagen content and fiber’s 
orientation, together with geometric properties that confer structural strength and 
thus the ability to accumulate microcracks in bone matrix [161]. Bone 
biomechanics is particularly affected by the volume fraction of mineral crystals, 
their shape, size and arrangement within the organic collagenous matrix [162]. 
Bone mechanical tests can be compressive, three- or four-point bending, shear 
and nanoindentation tests [163]. In biomechanical tests, a load-deflection curve is 
obtained, which allows the acquisition and determination of different parameters in 
order to assess several mechanical properties, such as elastic properties, plastic 
properties, yield point and maximum load among others (Fig. 7). 
Bone mechanical properties describe the relationship between applied forces, or 
loads and bone deformation. The resistance of bone in response to these forces is 
known as stress and represents the intensity of the local force. The resultant 
deformation is referred to as strain and is defined as a relative change in size and 
shape [164]. The mechanical properties of bone can be summed up as the 
maximum load, deflection and stiffness of the sample, which corresponds to the 
slope of the linear region of the stress strain curve. The linear section of the stress 
strain curve represents the elastic phase [157]. Its curve slope represents the 
Young’s modulus, a stiffness indicator of the sample tested. The transition of the 
linear to the nonlinear curve corresponds to the yield point, where the plastic 
phase starts. During the elastic phase, the load applied to bone promotes its 
deformation [157]. However, when the applied load is removed, bone has the 
capacity to return to its original shape. In contrast, during the plastic phase the 
applied load promote permanent damage, inducing microcracks in the bone 
structure which leads to irreversible changes. The total area under the curve which 




per unit volume on bone before it fails.  Ultimate stress represents the maximum 
stress sustained by bone without breaking [157]. Another important parameter that 
can be recorded by stress-strain curve analysis is the toughness, which indicates 
the energy required for bone fracture [165]. Hardness represents a characteristic 
that expresses the capacity to resist to permanent deformation. This parameter is 
closely related to the amount of mineral in bone, which tend to be inverse to 
toughness [166]. 
 
Figure 7 - A typical bone specimen loaded in tension stress–strain curve. Adapted from [167]. 
 
 
Bone is an anisotropic material since its mechanical properties depend on the 
loading direction. This characteristic reflects bone function and the degree of 
anisotropy varies with anatomical site and functional loading [168].  
The cortical and trabecular types of bone present different biomechanical 
performances. Cortical bone is stiffer and resist to higher stress but sustains lower 
strain before failure compared to the trabecular bone. Due to its porous structure, 
trabecular bone has a large capacity for energy storage. Both cortical and 
trabecular bone mechanical properties are dependent on bone density [169]. 
The mineral and organic phases of bone have extremely different mechanical 
properties. The mineral phase confers strength and stiffness to bone tissue [170]; 
however, at high levels of mineralization, bone becomes brittle, reducing the 




ductile [172]. It is notable that bone gathers the optimal properties of the two 
phases, the stiffness and the toughness [173,174], by keeping stiffness (mineral 
phase contribution) and strain to fracture (organic phase contribution). These 
unusual combined material properties, provides rigidity and resistance against 
fracture. 
Bone quality is a term based on the structural and material properties of bone and 
their arrangement [175]. These structural properties include geometry (size and 
shape of the skeleton) and microarchitecture, whereas the material properties 
include the organization and composition of the mineral and collagens 
components of extracellular matrix, as well as, the extent of micro damage within 
the tissue [176,177]. 
Fractures prevention is not only controlled by specific processes of crack initiation 
and propagation, but also by the ability of bone tissue to repair micro damages 
during its remodeling process [178]. During bone remodeling process, old bone is 
continuously replaced by newly formed material and bone micro damages are 
removed, causing high heterogeneity in local bone matrix areas [179]. As such, 
bone is not uniformly mineralized as a consequence of continuous bone 
remodeling [180]. Discontinuities in bone matrix mineralization might be 
determinant for crack initiation and propagation in bone and, thus, are essential for 
its toughness [181].  
The optimization of bone mechanical properties is truly dependent on the 
structural interaction between the organic and mineral components [182]. These 
properties are a result of a compromise between the need for stiffness and the 
need for ductility to absorb impacts. Toughness is essential to ensure that 
microcracks generated during normal life, which are associated with loss of 
stiffness, do not conduct to bone fracture. If their accumulation is faster than their 
repairing, microcracks multiply and produce macrocracks, which can culminate in 
complete fracture [183]. The microcracking increases the compliance of the bone 
material, and so increasingly larger deformations are produced for a given 
increase in load. The ability to undergo large strains, and hence large 
deformations, allows the bone to absorb a considerable amount of energy before 
fracture [184]. Thus, the ability to microcrack is an important pre-requisite for 




Many disorders or specific conditions (as part of the normal aging process) can 
affect bone quality [186]. Progressive loss of bone density occurs with the 
reduction of bone mass, which occurs earlier and more extensively in trabecular 
than cortical bone, associated with impaired microarchitecture, increased fragility 
and risk of fracture [186].  
Bone fragility is more prevalent among women than in men mainly because of 
estrogen deficiency after menopause. In postmenopausal women, high remodeling 
rate is associated with a bone negative balance that promote structural changes 
on bone microarchitecture, such as decrease in trabecular and cortical thickness 
and increased porosity and a consequent reduction in trabecular connectivity. The 
process of mineralization is not able to follow the accelerated remodeling rate and 
thus stiffness is reduced [160,187]. 
 
 
Rheumatoid arthritis and Bone 
Bone erosions occur rapidly in RA and are detectable in 80% of the patients during 
the first year after diagnosis [5,188]. Several synovial cytokines, such as RANKL 
and macrophage colony-stimulating factor (MCSF), promote osteoclastogenesis 
and their activation [63]. Furthermore, osteoclastogenesis is amplified by TNF, IL-
1β, IL-6 and IL-17 (Fig. 8) [189]. Osteoclast induced joint bone damage promotes  
resorption pits that are further filled by inflammatory tissue [190]. The consequent 
cleft in cortical bone allows synovial tissue to access bone marrow, promoting 
infiltration by B and T-cells, which gradually replace fat bone marrow [191]. 
However, the origin of these bone inflammatory lesions remains unclear. They can 
occur as synovium-induced erosions or as a consequence of primary osteitis, 






Figure 8–Immune cells and cytokine networks scheme in rheumatoid arthritis joint. RA is 
characterized by synovial hyperplasia caused by immune cellular infiltration, leading to pannus 
formation and consequent cartilage and bone destruction. Several cytokines are produced by 
Immune cells, promoting inflammation and osteoclastogenesis. ACPA – Anti-citrullinated protein 
antibodies, IFNγ – Interferon gamma, IL – Interleukin, IL-6R – IL-6 receptor, MHC – Major 
histocompatibility complex, MMP – Metalloproteinase, RANKL - Receptor activator of nuclear factor 
ligand, RF – Rheumatoid factor, TCR – T-cell receptor, TGFβ – Transforming growth factor beta, 
Th – T helper, TNF – Tumor necrosis factor. Adapted from [193] 
 
The systemic inflammatory process of RA can result in bone loss at several levels: 
focal joint bone erosion, juxta-articular osteopenia adjacent to inflamed joints and 
systemic osteoporosis [194,195]. This bone loss results from alterations in the 
bone remodeling process, leading to changes in bone homeostasis that favor bone 
resorption over bone formation [196,197]. 
Osteoclasts express high levels of CTSK and TRAP in their lysosomal 
compartments. Both enzymes are involved in the degradation of bone matrix in 




Synovial tissue comprises activated fibroblasts and T-cells which are the two 
major cellular sources of RANKL and MCSF, the two major determinants of 
osteoclast formation [47,200-202]. TNF and IL-1β upregulate and modulate 
RANKL expression on osteoclast precursors [203-205]. IL-6 is another cytokine 
which upregulates RANKL expression, promoting osteoclastogenesis and 
consequent bone damage [206]. Finally, Th17 can also play a role in osteoclast 
differentiation via cell-to-cell contact with osteoclast precursors [207,208].  
Thus, RA inflammatory environment induces bone remodeling disturbances, 
leading to bone erosions and also to the development of secondary osteoporosis 
[133]. This imbalance in bone resorption over bone formation promotes 
architectural degradation of cortical and trabecular compartments, ultimately 
leading to bone fragility [209]. 
 
 
Treatment options for RA  
RA is chronic disease with major economic and personal costs. The management 
strategy is based on a prompt diagnosis and treatment intervention, aiming at 
inducing remission, in order to preserve joint structures and quality of life [210-
212]. Drug free remission is the ultimate goal of RA treatment. However, this is an 
almost impossible goal to be reached by the currently available treatments. 
Disease control requires generally a combination of drugs, including non-steroidal 
anti-inflammatory agents (NSAIDs), low dose glucocorticoids and disease 
modifying antirheumatic drugs (DMARDS), which slow the disease progression 
and reduce joint damage [210].  
 
Glucocorticoids 
Prednisone, a glucocorticoid, acts rapidly in the control of inflammation and their 
associated joint pain and swelling [213] and reduce the development of bone 
erosions [214-218]. Glucocorticoids play an important role during the first weeks of 
RA diagnosis, due to the fact that DMARDs have a slow onset of action. However, 






Conventional DMARDs are the first line treatment of RA. [213,219,220]. 
Methotrexate (MTX) is the most widely used one as it has the best balance 
between efficacy and safety, allowing for long-term and sustained responses [221-
223]. For patients that have contraindication or develop adverse effects, other 
DMARDs such as leflunomide, sulfasalazine and hydroxychloroquine can be used. 
DMARDs have a slow on-set of action (1 up to 6 months) but they are effective 
and safe at long term [213,224], either as monotherapy or in combination therapy. 
However, approximately 30% of the patients are either non-responsive to 




Biological therapies have been developed in the last decades and target individual 
molecules. Biological therapies are available for patients who have not responded 
to conventional DMARDs or have presented side-effects from their usage. Usually, 
biological therapies are given in combination with a conventional DMARD such as 
MTX, in order to potentiate the effectiveness. 
Nine biologic DMARDs are approved by the European Medicines Agency (EMA) 
for the treatment of RA (Fig. 9). These biologic therapies have demonstrated 
symptomatic benefit, improvement in functional capacity and prevention of 
structural damage. [211]. 
TNF antagonists (etanercept, adalimumab, infliximab, golimumab and 
certolizumab) are usually the first line biologic DMARDs. The compared 
effectiveness of TNF antagonists is similar and combination with MTX confers 
more efficacy than their use as monotherapy [211,228,229].  
TNF inhibition downregulates the immune response, which increases the infection 
risk, particularly tuberculosis reactivation. Patients who fail to respond to a TNF 
antagonist have a 50% chance to respond to a second one. However, the 
probability of responding to a third one is much lower [219]. Rituximab (anti CD20 
B lymphocyte depleting therapy), tocilizumab (an antibody against the IL-6 




are alternatives for RA patients who have failed conventional DMARDs or TNF 
antagonists [230,231]. They have demonstrated inhibition of bone structural 
damage [232-236]. Tocilizumab might be more effective in monotherapy than the 
other DMARDs [237]. Blocking IL-1β with anakinra was shown to be effective for 
the treatment of RA (and is approved by EMA), although at a lower efficacy level 
than TNF antagonists and is now used essentially for other indications [238-241]. 
There are other biologic agents that target IL-1β receptor (rilonacept and 
canakinumab), which are not approved for RA treatment [242].  
Switching among biologic DMARDs is often needed in patients with inadequate 
response to the initial treatment and the selection of the second biologic DMARD 
depends on individual aspects and on the reason of the first failure [243,244]. 
Overall, the safety of biologic DMARDs appears to be reasonable, particularly 
compared with the risks associated with the disease left uncontrolled. However, for 
all of them an increased risk of infections, injection-site reactions and immune 
mediated reactions have been observed [245]  
Despite all the progresses observed in the treatment of RA, remission is only 





The development of therapeutic strategies able to control both inflammation and 
bone degradation, with a high rate of disease remission, low incidence of side 
effects and low production costs is still an unmet medical need in RA. Clinical 
evidence suggest that RA patients suffer focal and systemic bone damage early in 
the course of the disease and quite often treatment intervention is not able to truly 
alter this process. 
Our hypothesis is that the impact of inflammation on bone micro and nano 
properties occurs almost immediately, upon first symptoms, and that these effects 
can be prevented by early intervention with drugs able to control inflammation and 






Figure 9 – Pathways targets of some currently available biologic agents for RA. 
RA is heterogeneous disease that presents several development pathways. Treatment options for 
RA have been developed to stop or attenuate disease progression, which targeting some biological 
pathways. ACPA – Anti-citrullinated protein antibodies, IFNγ – Interferon γ, ILβ – Interleukinβ, IL-
1βR – IL-1β receptor, IL-6R – IL-6 receptor, MHC – Major histocompatibility complex, MMP – 
Metalloproteinase, RANKL - Receptor activator of nuclear factor ligand, RF – Rheumatoid factor, 
TCR – T-cell receptor, TGFβ – Transforming growth factor β, Th – T helper cell, TNF – Tumor 




























































































The main goal of the present work was to study the impact of early arthritis on 
bone micro and nano properties and the inhibition of this process through 
treatment intervention. 
 
I. Characterization of the early effects of inflammation on bone micro and 
nano properties in the AIA rat model of arthritis; 
 
a. Analysis of the early cytokine and bone turnover markers 
environment at arthritis onset in the AIA rat model of arthritis; 
 
b. Study the influence of arthritis on cortical and trabecular bone micro 
and nano structure in the AIA rat model of arthritis; 
 
c. Address the extent of early arthritis impact on micro and nano 
biomechanical properties of bone in the AIA rat model of arthritis;  
 
 
d. Study the influence of early inflammation on bone matrix (mineral 
and collagen) in the AIA rat model of arthritis; 
 
II. Assess the effects of new compounds on micro and nano structural and 
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Arthritis induces early bone high turnover, structural 
degradation and mechanical weakness 
 
Bruno Vidal, Rita Cascão, Catarina Vale, Inês Cavaleiro, Maria Fátima Vaz, 






Background – We have previously found in the chronic SKG mouse model of 
arthritis that long standing (5 and 8 months) inflammation directly leads to high 
collagen bone turnover, disorganization of the collagen network, disturbed bone 
microstructure and degradation of bone biomechanical properties. The main goal 
of the present work was to study the effects of the first days of the inflammatory 
process on the microarchitecture and mechanical properties of bone.   
Methods – Twenty eight Wistar adjuvant-induced arthritis (AIA) rats were 
monitored during 22 days after disease induction for the inflammatory score, ankle 
perimeter and body weight. Healthy non-arthritic rats were used as controls for 
comparison. After 22 days of disease progression rats were sacrificed and bone 
samples were collected for histomorphometrical, energy dispersive X-ray 
spectroscopical analysis and 3-point bending. Blood samples were also collected 
for bone turnover markers.  
Results – AIA rats had an increased bone turnover (as inferred from increased 
P1NP and CTX1, p = 0.0010 and p = 0.0002, respectively) and this was paralleled 
by a decreased mineral content (calcium p = 0.0046 and phosphorus p = 0.0046). 
Histomorphometry showed a lower trabecular thickness (p =0.0002) and bone 
volume (p = 0.0003) and higher trabecular separation (p = 0.0009) in the arthritic 
group as compared with controls. In addition, bone mechanical tests showed 
evidence of fragility as depicted by diminished values of yield stress and ultimate 




Conclusions – We have shown in an AIA rat model that arthritis induces early 






Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease, 
which affects around 1% of the world-population [1]. It causes joint and systemic 
inflammation that is reflected in local and systemic bone damage [2]. Bone is a 
dynamic tissue composed mainly of a type I collagen matrix that constitutes the 
scaffold for calcium hydroxyapatite crystal deposition. Remodeling of bone is a 
continuous process by which osteoclasts resorb bone tissue and osteoblasts 
produce new bone matrix that is subsequently mineralized. Biochemical markers 
of this bone turnover are produced and released into circulation, providing a read-
out of kinetics and the balance between bone loss and formation. More 
specifically, bone-resorbing osteoclasts release carboxy-terminal collagen cross-
linking telopeptides (CTX-I), a marker for bone degradation, which is produced by 
cathepsin K that is involved in systemic bone resorption [3]. During bone 
formation, collagen is synthesized by osteoblasts in the form of procollagen. This 
precursor contains a short signal sequence and terminal extension peptides: 
amino-terminal propeptide (PINP) and carboxy-terminal propeptide. These 
propeptide extensions are removed by specific proteinases before the collagen 
molecules form. PINP can be found in the circulation and its concentration reflects 
the synthesis rate of collagen type I, being thus a marker of bone formation [4]. As 
RA progresses there is marked articular destruction and decreased joint mobility 
with radiological evidence of erosion with significant impact on life quality within 2 
years of disease onset [5]. In addition, osteoporosis is a common finding in 
patients with RA [6] and is responsible for increased rates of vertebral and hip 
fractures in these patients [7,8]. RA is associated with an increased expression of 
the receptor activator of RANKL (receptor activator of nuclear factor kappa–B 
ligand, NF-KB ligand) and low levels of its antagonist, osteoprotegerin (OPG) [9]. 




present a cytokine profile, including interleukin (IL) 1, IL6, IL17 and tumor necrosis 
factor (TNF), which further favors osteoclast differentiation and activation [10-12]. 
Evidence suggests that bone remodeling disturbances in RA contribute not only to 
local bone erosions but also to the development of systemic osteoporosis [13].  
We have previously found in a chronic animal model of arthritis (SKG mouse 
model) that prolonged inflammation (5 and 8 months) directly leads to the 
degradation of bone biomechanical properties, namely stiffness, ductility and bone 
strength, which was paralleled by a high collagen bone turnover and 
disorganization [4,12,14,15].  Based on the fact that most of the effectors of bone 
metabolism are engaged in the disease process since the early phase, we now 
hypothesize that this process starts upon the first inflammatory manifestations [10-
12]. To test this we selected the adjuvant-induced arthritis (AIA) model in rats, 
characterized by a rapid onset polyarticular inflammation and widely used for 
testing new treatments for arthritis [16-18]. Understanding the systemic 
inflammatory consequences on bone would expand the use of this model also for 
testing new drugs with potential bone therapeutic effects.  
The main goal of the present work was to study, in a rat model of AIA, the effects 
of the first days of the systemic inflammatory process on the microarchitecture and 
mechanical properties of bone.   
 
 
MATERIALS AND METHODS 
 
Animal experimental design 
 
Twenty-eight Wistar AIA rats were purchased from Charles River Laboratories 
International (Massachusetts, USA). Eight-week-old females weighing 200 –230 g 
were maintained under specific pathogen free (SPF) conditions. All experiments 
were approved by the Animal User and Ethical Committees of the Instituto de 
Medicina Molecular, Lisbon University, according to the Portuguese law and the 
European recommendations. Animals were sacrificed when presenting an 





Rats were housed per groups (healthy vs arthritic) under standard laboratory 
conditions (at 22°C under 12-hour light/12-hour dark conditions). The inflammatory 
score, ankle perimeter and body weight were measured during the study period. 
Inflammatory signs were evaluated by counting the score of each joint in a scale of 
0 – 3 (0 — absence; 1 — erythema; 2 — erythema and swelling; 3 — deformities 
and functional impairment). The total score of each animal was defined as the sum 
of the partial scores of each affected joint [19]. Rats were sacrificed by CO2 




Bone remodeling markers quantification 
 
Serum samples were collected at the time of sacrifice and stored at -80˚C. Bone 
remodeling markers CTX I (C-terminal telopeptides of type-I collagen) and P1NP 
(total procollagen type I N-terminal propeptide) were quantified by Serum Rat-Laps 






The 4th lumbar vertebrae (L4) were collected from each animal at sacrifice for 
histomorphometric analysis.  Samples were fixed immediately in ethanol 70% and 
then dehydrated with increasing ethanol concentrations (96% and 100%). 
Samples were next embedded in methylmetacrylate (MMA) solution. Serial 
transversal sections through L4 were performed with 5-μm-thick and stained with 
Aniline Blue in order to distinguish bone and bone marrow, allowing bone 
structural analysis. Images were acquired using a Leica DM2500 microscope 
equipped with a color camera Leica CCD Camera (Leica microsystems, Wetzlar, 




All variables were expressed and calculated according to the recommendations of 
the American Society for Bone and Mineral Research [21], using a morphometric 
program (Image J 1.46R with plugin Bone J). 
Ratio of trabecular bone volume / total tissue volume, trabecular thickness and 
trabecular separation were evaluated by standard histomorphometric parameters 
at x12.5 magnification. 
 
 
Energy dispersive X-ray spectroscopy analysis 
 
Energy dispersive X-ray spectroscopy is a sensitive qualitative and semi-
quantitative technique to evaluate the mineral content in bone. The quantitative 
information is based on the relative elemental abundance. 
Using a standard system, semi-quantitative X-ray fluorescence measurements 
were performed in cortical and trabecular bone powder samples, with the purpose 
of quantifying calcium and phosphorus concentration. 
After excision, fresh femurs were freeze dried for 46 hours, with a multipurpose ice 
condenser (ModulyoD-230, Thermo Savant, Schwerte, Germany) operated at a 
nominal temperature of -50 ˚C, in order to remove excess of water. 
The semi-quantitative measurements of bone powder were performed with a 4 kW 
commercial wavelength dispersive X-ray fluorescence spectrometer (Bruker S4 
Pioneer, Karlsruhe, Germany), using a Rh X-ray tube with a 75 mm Be end 
window and a 34 mm diameter collimator mask. Measurements were performed in 
helium mode and using high-density polyethylene X-ray fluorescence sample cups 
with 35.8 mm diameter assembled with a 4 mm prolene film to support the bone 
sample. The polyethylene cup was placed in steel sample cup holders with an 










Bone mechanical testing 
 
Bone mechanical properties were evaluated by a three-point bending method 
using a electromechanical machine (model 5566, Instron Corporation, Canton, 
USA) using a load-cell of 500N. The femur was placed on a holding device with a 
support span distance of 5 mm (L), with the lesser trochanter proximal in contact 
with the proximal transverse bar. The load was applied at the mid-shaft of the 
diaphysis with a cross-head speed of 0.005 mm/s until the fracture occurred.  
The stress-strain curve can be obtained from the load-displacement 
representation, with the initial dimensions of the sample, using engineering 
equations (supplementary figure 1 B). 
An example of a stress-strain curve obtained in the three point bending tests is 
shown in supplementary figure 1 A.  The points of the yield stress and ultimate 
stress are indicated. This stress-strain curve can be broken down into pre-yield 
and post-yield portions. Pre-yield toughness represents the area under the 
stress/strain curve up to the yield point, which is where permanent deformation of 
the bone has occurred while post-yield toughness represents the area under the 
curve between the yield point and bone fracture. In these bending tests there is a 
significant amount of displacement between the yield point and the eventual 




Continuous variables were expressed by mean +- standard deviation (SD) or 
median and interquartile range. The normality distribution was assessed by 
D’Agostino and Pearson test. Statistical differences were determined with 
parametric t–test or non-parametric Mann Whitney test according variables 
distribution using GraphPad Prism (GraphPad, California, USA). Differences were 










Inflammatory progress  
 
First, we validated the kinetic of disease development of the AIA rat model. 
Inflammatory signs (fig1. A) and ankle perimeter (fig.1 B) were assessed 
throughout time, as shown in Fig.1. All animals from the arthritic group (N = 16) 
presented arthritis signs by the fourth day post disease induction.  
The initial acute inflammation was observed around day 4 and progressed during 
22 days post disease induction. After 10 days of arthritis induction, the 
inflammatory manifestations increased sharply as depicted by an increase in ankle 
perimeter. Maximal swelling occurred at day 19 post disease induction. At day 22 
post arthritis induction inflammatory score (fig.1 C) and ankle perimeter (fig.1 D) 
were significantly increased in the arthritic group (p=0.0037 and p = 0.0085, 
respectively) in comparison with healthy control rats. 
 
Fig.1 – Inflammatory score (A) and ankle perimeter (B) throughout time.  
Inflammatory score (C) (p=0.0037) and Ankle perimeter (D) (p = 0.0085) in control (N=12) and 




Statistical differences were determined with non-parametric Mann Whitney test using GraphPad 
Prism (GraphPad, California, USA). Differences were considered statistically significant for p 
values ≤ 0.05. 
 
Bone turnover markers 
 
Bone resorption marker CTX I, which reflects osteoclastic activity, is a degradation 
product of type I collagen, the major structural protein of bone. While the bone 
formation marker P1NP, a bio product of type I collagen synthesis, is a marker for 
osteoblastic activity.   
We have observed that both CTXI (fig.2 A) and P1NP (fig.2 B) were significantly 
increased in the arthritic group in comparison with the healthy control animals (p= 





Fig.2 – Bone turnover markers quantification in control (N=9) and arthritic rats (N=13). Serum 
samples collected at day 22 (sacrificed) were analyzed by ELISA technique.  Bone resorption 
marker, CTX I (A) and bone formation marker, P1NP (B) were increased in arthritic rats (p = 0.0002 
and p = 0.0010, respectively). 
 
Histomorphometry of bone 
 
Bone histomorphometry was used to measure bone static parameters such as 
bone trabecular volume, trabecular thickness and trabecular separation in order to 




Trabecular bone volume (p = 0.0003) (fig.3 B) and trabecular thickness (p 
=0.0002) (fig.3 C) were significantly reduced in arthritic animals comparing with 
healthy control animals. Moreover, trabecular separation (p = 0.0009) (fig. 3 D) 
was significantly increased in the arthritic group, in comparison with healthy control 
rats. 
 
Fig.3 - Bone histomorphometry assessment of the 4th lumbar vertebra (L4). Assessment of L4 in 
control (N = 12) and arthritic group (N = 16). (A) Illustrative Aniline blue stained sections of L4 
vertebra collected at day 22 post disease induction (sacrifice). Bone volume per tissue volume or 
trabecular bone volume fraction (B) and trabecular thickness (C) were decreased in arthritic rats 






Energy dispersive X-ray spectroscopy 
 
Calcium (Ca) and Phosphorus (P) are the most abundant elements present in 
bone mineral matrix. In fact, calcium has been reported as the most important 
nutrient associated with peak bone mass and may be the only one for which there 
is epidemiological evidence of a relation to fracture rate[23]. 
We used energy dispersive X-ray spectroscopy to quantify the calcium and 
phosphorus content in our samples. We have observed that Ca (p = 0.0046) (fig.4 
A) and P (p = 0.0046) (fig.4 B) content were decreased in the arthritic group as 
compared to controls.  
 
 
Fig.4 – Calcium and Phosphorus bone content acquired by energy dispersive X-ray spectroscopy. 
Ca (A) and P (B) bone content were decreased in the arthritic group (N=16) as compared with 






The three-point-bending biomechanical tests aimed to explore the bone 
mechanical competence of both groups 22 days post disease induction. Results 
showed decreased values of yield stress (moment of occurrence of first micro 
fractures) (p = 0.0061) (fig.5 A) and ultimate stress (moment of occurrence of 
complete fracture) (p = 0.0279) (fig.5 B) in arthritic animals when compared to the 





Fig.5 – Mechanical analysis acquired by 3 point bending tests. Yield stress (A) and Ultimate stress 
(B) were decreased in arthritic rats (N=16) as compared to controls (N=12). Bone samples were 





In the present study, we demonstrated in an AIA rat model, that arthritis induces 
very early high bone turnover, trabecular degradation, mineral loss and 
mechanical weakness. 
Biochemical markers of bone turnover were quantified in order to evaluate the 
impact of systemic inflammation on bone metabolism. An increased bone turnover 
activity was shown in arthritic animals, as depicted by increased CTXI and P1NP 
levels. This observation was consistent with previously published data showing the 
presence of a large number of osteoclasts in AIA bone [17]. Data already 
published by our group in another animal model of arthritis (the SKG mice model) 
have also shown that P1NP levels were increased in arthritic animals and so did 
CTX-I levels [4], reflecting an overall increase in bone turnover [24]. Studies on RA 
patients measuring P1NP have produced varying results, whereas measurements 
in CTX-I mostly show increased levels [25]. In RA patients bone metabolism is 
more active (increased P1NP) in earlier stages of the disease and a decrease in 
bone metabolic activity (both P1NP and CTX) occurs with disease progression, 
both showing correlation with tender and swollen joints [15]. Despite the existing 
variability, P1NP has been mainly found to be increased in RA patients when 
compared to controls, together with CTX-I, revealing a compensatory mechanism 




Due to increased bone turnover it was therefore of interest to assess the effects of 
inflammation on bone microstructure. Histomorphometric data revealed, in arthritic 
animals, a lower fraction of trabecular bone volume and a lower average 
trabecular thickness as well as a higher average trabecular separation, in 
comparison with controls. These findings were in line with the described bone 
volume loss, measured by uCT, in this rat model [17].  
In addition, we quantified calcium and phosphorus content, the two major minerals 
present in bone [27], by energy dispersive X-ray spectroscopy.  The arthritic group 
showed a significant decreased mineral content, when compared to the control 
group. This result corroborated an overall bone mineral loss, as a result of an 
unbalanced high bone turnover, which might lead to bone fragility and 
consequently fracture.  
In accordance, mechanical tests revealed that arthritic femurs have a significantly 
lower yield stress and ultimate stress as compared to control femurs, meaning that 
bone is more fragile and prone to fracture.  
 
In summary, we have shown, in an AIA rat model, that the systemic inflammation 
associated with a polyarthritis is able to induce an early high bone turnover, bone 
microarchitecture degradation, low mineral content and mechanical weakness. In 
addition, our results have expanded the knowledge on this model. In fact, our 
findings, suggest that AIA is a fast and adequate model to study the effects of 
arthritis on bone properties and consequently a potentially accurate model to study 
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Supp Fig.1 – Scheme representative of the yield stress and ultimate stress points in a stress/strain curve. 
Yield stress and ultimate stress points (A) obtained with bending test with the specific formulas for stress (B) 
strain (C) calculation,   where σ - stress (Pa); L - load (N); s - support span (mm); df - femoral outer diameter 
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Early arthritis induces disturbances at bone 
nanostructural level reflected in decreased tissue 
hardness 
Bruno Vidal, Rita Cascão, Mikko Finnilä, Inês Lopes, Simo Saarakkala, Peter 
Zioupos, Helena Canhão, João Fonseca 
 
ABSTRACT 
Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease, 
which causes local and systemic bone damage.  
Objectives – The main goal of this work was to analyze the effects of the early 
phase of systemic inflammatory process at bone tissue level, including 
nanomechanical properties, microarchitecture and mineral and collagen content. 
Methods – Eighty-eight Wistar rats were randomly housed in experimental groups, 
as follows: an adjuvant induced arthritis (N= 47) and a control healthy group (N= 
41). Rats were monitored during 22 days for the inflammatory score, ankle 
perimeter and body weight and sacrificed at different time points (11 and 22 days 
post disease induction). Bone samples were collected for histology, micro-CT, 3-
point bending test, nanoindentation and Fourier transformed infrared spectroscopy 
(FTIR) analysis. Blood samples were also collected for bone turnover markers and 
systemic cytokine quantification.  
Results – At bone tissue level, measured by FTIR analysis and nanoindentation, 
there was a reduction of the mineral and collagen content and of hardness in the 
arthritic group, associated with an increase of the ratio of bone concentric to 
parallel lamellae and of the area of the osteocyte lacuna. In addition, increased 
bone turnover and changes in the microstructure and mechanical properties were 
observed in arthritic animals since the early phase of arthritis, when compared with 
healthy controls.  
Conclusion – Systemic inflammation induces very early changes at bone tissue 




bone lamella organization and osteocyte lacuna surface and with decreased 
collagen and mineral content. These observations highlight the pertinence of 
immediate control of inflammation and of bone metabolism variables in the initial 




Rheumatoid arthritis (RA) is the most common chronic inflammatory joint disease, 
affecting about 1% of the world population. RA is characterized by synovial 
hyperplasia caused by a large proliferative cellular infiltrate of leukocytes and high 
expression levels of proinflammatory cytokines [1]. As RA progresses there is 
marked articular destruction and decreased joint mobility with radiological 
evidence of bone erosion within 2 years of disease onset [2]. In addition, 
osteoporosis is a common finding in patients with RA [3] and is responsible for 
increased rates of vertebral and hip fractures in these patients [4,5]. RA is 
associated with an augmented expression of the receptor activator of RANKL 
(receptor activator of nuclear factor kappa–B ligand, NF-KB ligand) and low levels 
of its antagonist, osteoprotegerin (OPG) [6]. RANKL is a crucial activator of 
osteoclastogenesis [7]. In addition, RA serum and synovial fluid present a cytokine 
profile, including interleukin (IL)1β, IL6, IL17 and tumor necrosis factor (TNF), 
which further favors osteoclast differentiation and activation since the early phase 
of the disease [8-10].  
Bone is a dynamic tissue composed mainly of a type I collagen matrix that 
constitutes the scaffold for calcium hydroxyapatite crystal deposition. Remodeling 
of bone is a continuous process by which osteoclasts resorb bone tissue and 
osteoblasts produce new bone matrix that is subsequently mineralized. In this 
process biochemical markers of bone turnover are produced and released into 
circulation, providing a read-out of remodeling kinetics. Evidence suggests that 
bone remodeling disturbances in RA contribute not only to local bone erosions but 
also to the development of systemic osteoporosis [11]. 
We have previously found in the adjuvant-induced rat model of arthritis (AIA) that 




leads to the degradation of bone biomechanical properties, namely stiffness, 
ductility and bone strength, which was paralleled by a high collagen bone turnover 
[12]. 
The main goal of this work was to analyze the effects of the early phase of 
systemic inflammatory process at bone tissue level, including nanomechanical 
properties, microarchitecture and mineral and collagen content.  
 
 
MATERIALS AND METHODS 
 
Animal experimental design 
 
Eighty-eight, 8 week-old female Wistar rats weighing approximately 230-250gr 
were housed in European type II standard filter top cages (Tecniplast, Buguggiate, 
Italy) and transferred into the SPF animal facility at the Instituto de Medicina 
Molecular, under a 14h light/10h dark light cycle, acclimatized to T= 20-22ºC and 
RH= 50-60%. They were given access to autoclaved rodent breeder chow (Special 
Diet Service, RM3) and triple filtered water. Rats were purchased from Charles 
River laboratories international (Barcelona, Spain) and arthritis was inducted on 
their laboratories in 47 animals. The transport service takes 3 days to arrive at 
Instituto de Medicina Molecular.  
Upon arrival, animals were randomly housed in two groups, individually identified 
and cages were labelled according to the experimental groups, as follows: 
adjuvant induced arthritis model (N=47) and control healthy group (N=41). The 
inflammatory score, ankle perimeter and body weight were measured during 
disease development. Inflammatory signs were evaluated by counting the score of 
each joint in a scale of 0 – 3 (0 – absence; 1 – erythema; 2 – erythema and 
swelling; 3 – deformities and functional impairment). The total score of each 
animal was defined as the sum of the partial scores of each affected joint. Rats 
were sacrificed at day 11 and 22 post disease induction, and blood, paws and 
bone samples were collected. All experiments were approved by the Animal User 
and Ethical Committees at the Instituto de Medicina Molecular (Lisbon University), 




Histological evaluation of hind paws 
 
Left hind paw samples collected at the time of sacrifice were fixed immediately in 
10% neutral buffered formalin solution and then decalcified in 10% formic acid. 
Samples were then dehydrated and embedded in paraffin, serially sectioned at a 
thickness of 5μm. Sections were stained with hematoxylin and eosin for 
histopathological evaluation of structural changes and cellular infiltration. This 
evaluation was performed in a blind fashion using 5 semi-quantitative scores: 
 
• Sublining layer infiltration score (0-none to diffuse infiltration; 1-lymphoid cell 
aggregate; 2-lymphoid follicles; 3-lymphoid follicles with germinal center 
formation); 
• Lining layer cell number score (0-fewer than three layers; 1-three to four layers; 
2-five to six layers; 3-more than six layers); 
• Bone erosion score (0-no erosions; 1-minimal; 2-mild; 3-moderate; 4-severe); 
• Cartilage surface (0 –normal; 1 – irregular; 2 – clefts; 3 – clefts to bone);  
• Global severity score (0-no signs of inflammation; 1-mild; 2-moderate; 3-severe) 
[13]. 
 
Images were acquired using a Leica DM2500 (Leica Microsystems, Wetzlar, 





Serum samples were collected at the sacrifice time and stored at -80°C. The 
proinflammatory cytokine IL-6 (Boster Bio, California, USA) was quantified in 
serum samples using specific rat ELISA kits.  Bone remodeling markers, CTX-I 
and P1NP, were quantified by Serum Rat Laps ELISA assay (Immunodiagnostic 
Systems Ltd, Boldon, UK). 
For all biomarkers standard curves were generated by using reference biomarker 
concentrations supplied by the manufacturers. Samples were analyzed using a 




Micro-computed tomography (micro-CT) analysis 
 
Structural properties of the trabecular and cortical tibiae were determined with a 
high-resolution micro-CT system (SkyScan 1272, Bruker microCT, Kontich, 
Belgium). Moist bones were wrapped in parafilm and covered with dental wax to 
prevent drying and movement during the scanning. X-ray tube was set to 50kV 
and beam was filtered with 0.5mm Aluminum filter. Sample position and camera 
settings were tuned to provide 3.0µm isotropic pixel size and projection images 
were collected every 0.2°. Tissue mineral density values were calibrated against 
hydroxyapatite phantoms with densities of 250mg/cm3 and 750mg/cm3. 
Reconstructions were done with NRecon (v 1.6.9.8; Bruker microCT, Kontich, 
Belgium) where appropriate corrections to reduce beam hardening and ring 
artefacts were applied. Bone was segmented in slices of 3µm thickness. After 200 
slices from growth plate, we selected and analyzed 1400 slices of trabecular bone. 
For cortical bone 300 slices (1800 slices from growth plate) were analyzed.  
This evaluation was performed in agreement with guidelines for assessment of 
bone microstructure in rodents using micro-computed tomography [14].  
Trabecular bone morphology was analyzed by applying global threshold and 
despeckle to provide binary image for 3D analysis. For cortical bone ROI was 
refined with ROI-shrink wrap operation. This was followed by segmentation of 
blood vessels using adaptive thresholding. Blood vessels and porosity were 
analyzed using 3D morphological analyzes. 
 
Bone mechanical tests 
 
The impact of inflammation on bone strength was investigated at the end of the 
experiment. Femurs were subjected to a 3-point bending test using the universal 
testing machine (Instron 3366, Instron Corp., Massachusetts, USA). Femurs were 
placed horizontally anterior side upwards on a support with span length of 5mm. 
The load was applied with a constant speed of 0.005mm/s until failure occurred. 
Stiffness was analyzed by fitting first-degree polynomial function to the linear part 
of recorded load deformation data. A displacement of 0.15μm between fitted slope 




point was defined as set where force reached maximal value. For both yield and 




Nanoindentation was performed using a CSM-Nano Hardness Tester System 
(CSM Instruments SA; Switzerland; Indentation v.3.83) equipped with a Berkovich 
based pyramid diamond indenter. After micro-CT, 0.5mm of top tibia was cut and 
proximal part was embedded to low viscosity epoxy resin (EpoThin, Buehler, 
Knorring Oy Ab, Helsinki, Finland). Slow speed diamond saw was used to remove 
10% of bone length. The sample surface was polished using silicon carbide 
sandpaper with a decreasing grid size (800, 1200, 2400 and 4800) and finished 
with cloth containing 0.05μm γ-alumina particles. Indentation protocol was adopted 
from previous work [15] and an average of 8 indentations were done on both 
cortical and trabecular bone with quasi-static (so called ‘advanced’) loading 
protocol. All indentations were performed under an optical microscope to achieve 
the precise location of indentations at the center of the targeted area in the tissue 
[16]. 
In the ‘advanced’ protocol, a trapezoidal loading waveform was applied with a 
loading/unloading rate of 20mN/min, and with an intermediate load-hold-phase 
lasting 30s hold at a maximum load 10mN. The hardness (HIT), indentation 
modulus (EIT), indentation creep (CIT) and elastic part of indentation work (ηIT) 
were measured by advanced protocol using the Oliver and Pharr (1992) method 
[17]. 
Histological images of rat tibiae from diaphyseal cortical region were acquired 
during the nanoindentation technique, using a CSM instruments (Switzerland) 
microscope equipped with a color camera.  
A histologic score was applied in order to evaluate the lamellar structures of bone 
tissue. This evaluation was performed in a blind fashion using a semi-quantitative 
score: 
• Lamellar bone structure: (1- predominantly parallel-lamella; 2 - concentric 





The ratio of osteocyte lacuna area / total tissue area was also evaluated at x200 
magnification in order to analyze the percentage of total tissue area occupied by 
osteocyte lacunae. The method of acquisition and analysis used was the same 
applied for the evaluation of bone volume / tissue volume in histomorphometry 
technique [12]. All variables were expressed and calculated according to the 
recommendations of the American Society for Bone and Mineral Research [18], 
using a morphometric program (Image J 1.46R with plugin Bone J). 
 
Fourier transformed infrared spectroscopy (FTIR) 
 
Samples used for nanoindentation were also used for FTIR. Chemical composition 
was measured from bone surfaces separately with the HYPERION 3000 FTIRI 
microscope (Bruker Optics Inc, Billerica, MA, USA) using attenuated total 
reflection (ATR) objective. The ATR crystal was compressed on the bone with a 
constant load, and spectral images were recorded with a focal plane array detector 
(FPA). Spatial and spectral resolutions were set to 1µm and 2cm-1, respectively. 
Each spectrum between 840–3300cm-1 was averaged 32 times and two spectral 
maps (32x32 spectra) were collected from the trabecular and cortical bone 
separately. Data was analyzed using a custom script in the MATLAB environment 
(MathWorks Inc, Natick, MA, USA). For each spectral map, areas under curves 
were calculated for amide I, phosphate and carbonate peaks by integrating 
spectra between 1595–1720cm-1, 900–1185cm-1 and 850–895cm-1, respectively. 
Blood vessels and other porous structures were removed by excluding spectra 
with maximum phosphate peak height less than 0.5 absorbance units. Average 
content as well as well-established parameters for bone composition 
(carbonate:amide I, mineral:matrix and carbonate:phosphate) were finally 






















































Statistical analysis  
 
Statistical differences were determined with Mann–Whitney tests using GraphPad 
Prism (GraphPad, California, USA). Correlation analysis was performed with the 





The AIA rat model has a rapid and severe disease progression 
 
Results showed that inflammatory signs (Fig.1) boosted sharply in the arthritic 
group. The inflammatory score (Fig.1A) increased significantly at day 11 and 22 
post disease induction (which correspond to an acute phase and a chronic phase 
of systemic inflammation, respectively) in arthritic rats when compared to healthy 
controls (p=0.0097, respectively). 
Moreover, arthritic animals at day 11 and 22 post disease induction sharply 
increased the ankle swelling throughout disease progression (Fig.1B), when 










Fig.1 – Inflammatory score and ankle perimeter. Arthritic rats have a rapidly disease progression 
including ankle swelling, when compared with healthy control rats. Statistical differences were 
determined with non-parametric Mann Whitney test using GraphPad Prism (GraphPad, California, 
USA). Differences were considered statistically significant for p values ≤ 0.05. Healthy D11 N=11, 





Inflammation affects local joints and promotes bone damage in AIA rats 
since the early stage of arthritis 
 
To evaluate the effect of inflammation in local articular joint synovium and bone 
structures, paw sections stained with hematoxylin and eosin were performed 
(illustrative images can be observed in Fig 2).  
 
  
Fig.2 – Histological images of joints after 11 and 22 days of disease induction. These patterns are 
merely illustrative of the type of histological features observed. Black arrow indicates the 
absence/presence of ankle swelling in rat hind paws. C–calcaneus, E–edema or erosion, S–
synovia, Tb–tibia, Ts–tarso. Magnification of 50X. Bar: 100 μm. 
 
 
The histological evaluation using 5 semi-quantitative scores is depicted in Fig 3. 
Sublining layer infiltration (Fig 3A), number of lining layer cells (Fig 3B) and bone 
erosion score (Fig 3C) were increased in the arthritic group when compared with 




samples also showed increased cartilage damage surface (Fig 3D) since the early 
phase of arthritis at day 11 and 22 (p=0.0403 and p<0.0001 vs healthy controls, 
respectively). These data contributed to the increased values of severity score (Fig 
3E) in arthritic group (p<0.0001 vs healthy controls). Moreover, results also 
demonstrated a continuous disease progression between day 11 and 22 in arthritic 
animals, as observed by the increase of the sublining layer infiltration, number of 
lining layer cells, bone erosion score (p<0.0001), cartilage surface score 
(p=0.0001) and global severity score (p=0.0006).  
  
 
Fig. 3 – Semi-quantitative evaluation of histological sections of inflammation and tissue damage 
locally in the joints of AIA rats. Notice that results demonstrate that arthritic rats after 11 and 22 
days of disease induction increase cellular infiltration (A), number of lining layer cells (B), bone 




inflammation and progression between day 11 and 22 (E). Data are expressed as median with 
interquartile range. Differences were considered statistically significant for p-values<0.05, 
according to the Mann Whitney test. Healthy D11 N=11, Healthy D22 N=30, Arthritic D11 N=16 and 
Arthritic D22 N=31. 
 
 
Systemic inflammation occurs in this model 
 
We observed that IL6 levels were increased in the serum of arthritic rats at day 11 
and 22 post disease induction in comparison with healthy controls (p= 0.0003 and 
p<0.0001, respectively), as observed in Fig 4. Results also revealed that IL6 levels 











Fig.4 - Serum quantification of IL6. Serum samples collected at day 11 and 22 post disease 
induction were analyzed by ELISA technique. IL6 was increased in arthritic rats at day 11 and 22 
(p= 0.0003 and p<0.0001vs healthy controls, respectively). Differences were considered 
statistically significant for p-values<0.05, according to the Mann–Whitney tests Healthy D11 N=11, 





















































Systemic inflammation promotes high bone turnover 
 
We have observed that both CTX-I (Fig. 5A) and P1NP (Fig. 5B) were significantly 
increased in the arthritic group at day 22 in comparison with healthy controls 
(p<0.0001 and p = 0.0007, respectively), revealing an increase of bone turnover in 
the arthritic group. Moreover, arthritic rats showed already increased values of 
CTX-I at day 11 post disease induction (p=0.0218 vs healthy rats at day 11) but 
not of P1NP. These results suggest that systemic inflammation promotes skeletal 










Fig.5 - Bone turnover markers quantification. Serum samples collected at day11 and 22 post 
disease induction were analyzed by ELISA technique. Bone resorption marker, CTX-I (A) and bone 
formation marker, P1NP (B) were increased in arthritic rats at day 22 (p<0.0001 and p = 0.0007, 
respectively). Results also demonstrate increased values of CTX-I in arthritic rats at day 11 when 
compared with healthy controls (p=0.0218). Differences were considered statistically significant for 
p-values<0.05, according to the Mann–Whitney tests. Healthy D11 N=11, Healthy D22 N=18, 














The effect of systemic inflammation on cortical and trabecular skeletal bone was 
assessed by micro-CT in bone tibia. 
The arthritic group showed at day 22 a dramatic deterioration of bone tibia integrity 
associated with a reduction in cortical bone area (Fig. 6A) and crossectional 
thickness (Fig. 6B) (p<0.0001 vs healthy controls, respectively) with an evident 
increased endosteal perimeter (Fig. 6C) (p=0.0029 vs healthy control). However, 
changes promoted by inflammation on bone structure begin at the early stages of 
arthritis as we can observe by the results obtained in the arthritic group by day 11 
with a decreased cortical bone area (Fig. 6A) (p= 0.0219 vs healthy control). 
Results also demonstrated decreased values of polar moment of inertia in arthritic 
group at day 11 and 22 post disease induction (Fig. 6D) (p=0.0091 and p= 0.0024 














Fig.6 – Micro-computed tomography (micro-CT) - Cortical analysis of tibiae rat sample.  
The crossectional bone area of cortical bone showed decreased values in the arthritic group at day 
11 and 22 (A) and polar moment of inertia (D). Arthritic group at day 22 presented a marked 
deterioration of bone tibia demonstrated by decreased crossectional thickness of cortical (B) and 
increased endosteal perimeter (C). Differences were considered statistically significant for p-
values<0.05, according to the Mann–Whitney tests. Healthy D11 N=11, Healthy D22 N=30, Arthritic 
D11 N=16 and Arthritic D22 N=31. 









































































Trabecular bone (Fig. 7 and Fig. 8) also showed increased deterioration promoted 
by inflammation with decreased trabecular bone volume fraction in arthritic rats at 
day 11 and 22 post disease induction (Fig. 8A) (p=0.0001 and p<0.0001 vs 
healthy controls, respectively), thickness (Fig. 8B) (p<0.0001 vs healthy controls, 
respectively), and number (Fig. 8C) (p=0.0039 and p<0.0001 vs healthy controls, 
respectively). Results also demonstrated increased values of trabecular separation 
in the arthritic group at day 11 and 22 (Fig. 8D) (p=0.0043 and p<0.0001 vs 
healthy controls) and of porosity (Fig. 8E) (p=0.0001 and p<0.0001 vs healthy 
controls, respectively). Furthermore, structure model index (Fig. 8F) showed 
increased values in arthritic groups at day 11 and 22 (p=0.0015 and p<0.0001 vs 
healthy controls, respectively) indicating that the shape of trabeculae is rather rod-
like in the arthritic group as compared to plate-like shape in healthy controls.  
Altogether, these results showed that inflammation promote bone structural 












Fig.7 – MicroCT images from healthy and arthritic tibiae rats. Images acquired with SkyScan 1272, 



































Fig.8 – Micro-computed tomography (micro-CT) –Trabecular analysis of tibiae rat sample.  
Results showed decreased values of the ratio bone volume/tissue volume (A), trabecular thickness 
(B) and number (C) in arthritic group at day 11 and 22 post disease induction. Trabecular bone also 
showed increased values of trabecular separation (D), porosity (E) and structural model index in 
both arthritic groups. Differences were considered statistically significant for p-values<0.05, 
according to the Mann–Whitney tests. Healthy D11 N=11, Healthy D22 N=30, Arthritic D11 N=16 








































































































Classical mechanical properties of rat femurs were evaluated using 3-point 
bending mechanical tests. Yield point occurs when first micro fractures appear in 
bone. Another interesting point is maximal load at breaking point (where complete 
fracture occurs) and toughness can be estimated. As shown in Fig. 9, arthritic rats 
at day 22 revealed biomechanical disturbances with a decrease in mechanical 
properties at yield point, namely by displacement (Fig. 9A) (p=0.0192 vs healthy 
control), strength (Fig. 9B) (p=0.0229 vs healthy control) and pre yield energy (Fig. 
9C) (elastic energy) (p=0.0161 vs healthy control). These results showed that 
arthritic bones at day 22 start to accumulate micro fractures with smaller 
deformations and loads, leading to a decreased energy absorption capability at 
yield point. Results also demonstrated that arthritic rats at day 22 have decreased 
maximum load (Fig. 9D) and elastic capabilities at maximum load point (Fig. 9E) 
(p= 0.0017 and p=0.0134 vs healthy control, respectively), which indicates 
increased bone fragility. Finally, arthritic rat groups showed a significant decrease 
in toughness (Fig. 9F) (p=0.0143 vs healthy control), demonstrating that arthritic 
bone can absorb less energy before fracturing. 
Altogether, mechanical data revealed that arthritic groups have significantly lower 
mechanical properties as compared to healthy controls, meaning that arthritic 
bones are more fragile and prone to fracture, as highlighted by the significantly 




























































































































Fig.9 – Bone mechanical properties assessed by three-point bending tests in rat femur. 
Results showed that arthritic rats at day 22 have decreased properties at yield point, related to 
displacement (A), strength (B) and energy (elastic energy) (C). Arthritic bones at day 22 required a 
lower maximum load (D) to fracture, with a decreased elastic energy at maximum load (E) and 
toughness (F). Differences were considered statistically significant for p-values<0.05, according to 









Decreased hardness in arthritic bone associated with an increase of the ratio 
of bone concentric to parallel lamellae and of the area of the osteocyte 
lacuna. 
Nanoindentation was performed in order to assess the quality at tissue matrix level 
as this technique works at the level of a single trabecula or within a confined 
submicron area of the cortical bone tissue (Fig 10). 
Nano-mechanical tests revealed that arthritic rats have decreased hardness in the 
cortical aspect of bone at day 22 post disease induction (Fig 10A) (p= 0.0010 vs 
healthy control) and at trabecular bone at day 11 and 22 post disease induction 
(Fig 10B) (p= 0.0184 and p=0.008 vs healthy controls, respectively). Results also 
demonstrated the continuous decreasing of cortical hardness (Fig 10A) during 
arthritis development among arthritic groups (p=0.0043). No differences were 
observed in the other parameters analyzed. 
Topographic images gathered during nanoindentation allowed the characterization 
of histologic features from healthy and arthritic bone at day 11 (Fig 10G) and 22 
(Fig 10H) days post disease induction. Concentric lamellas were identified in 
secondary osteons (SO) and more frequently observed in arthritic animals than in 
healthy controls (p= 0.0022). On the contrary, healthy animals at day 11 (Fig 10E) 
and 22 (Fig. 10F) presented more parallel-lamellae (PL) structures than SO 
structures.  
Arthritic animals at day 22 post disease induction showed also an increased area 
occupied by osteocyte lacunae in the total tissue when compared to healthy 
animals (p=0.0067) (Fig 10D). Results also demonstrated a slight tendency 



























Fig.10 – Bone mechanical properties assessed by nanoindentation in rat femur at 11 and 22 days 
post disease induction and respective topographic images from the indentation tissue area. Nano-
mechanical tests revealed that arthritic rats have decreased cortical hardness at day 22 and of 
trabecular hardness at day 11 and 22 post disease induction (B). Results demonstrated that 
concentric lamellae (C) and ratio of area occupied by osteocyte lacunae in the total tissue (D) are 
increased when compared to healthy animals at day 22. 
Images are merely illustrative of the type of histological features observed. Concentric lamellas are 
identified in secondary osteons (SO), characteristic from arthritic animals at day 11 (G) and 22(H). 
On the contrary, parallel-lamellae (PL) are identified in healthy at day 11 (E) and 22 (F). Os – 
Osteocytes, SO – Secondary osteons, PL – Parallel-lamellae, CL – Concentric lamellas. 




according to the Mann–Whitney tests. Healthy D11 N=11, Healthy D22 N=28, Arthritic D11 N=16 
and Arthritic D22 N=21. 
 
Decreased collagen and mineral content in the skeletal bone of arthritic 
animals 
 
FTIR was performed to assess the composition of cortical and trabecular bone. 
Results demonstrated that the mineral content was decreased in trabecular bone 
of arthritic animals since the early phase of arthritis when compared to healthy 
controls. Statistical differences were observed when compared arthritic animals at 
day 11 and 22 post disease induction with their correspondent healthy controls 
(p=0.0457 and p=0.0241, respectively) (Fig.11 A). There was also a significant 
decrease of mineral content between day 11 and 22 post disease induction 
(p=0.0481) (Fig. 11A). Results also demonstrated decreased collagen matrix in 
arthritic animals at day 22 post disease induction (p=0.0229 vs healthy group at 
day 22) (Fig. 11B). There was also a significant decrease of collagen content 
between days 11 and 22 post disease induction (p=0.0012) (Fig. 11B). 











Fig.11 – FTIR measurements from cortical and trabecular bone rat tibia at 11 and 22 days post 
disease induction. FTIR measurements revealed that arthritic rats had mineral loss in trabecular 
bone since the early stage of arthritis (A). Collagen was also decreased in arthritic samples at day 
22 post disease induction (B). Differences were considered statistically significant for p-
values<0.05, according to the Mann–Whitney tests. Healthy D11 N=11, Healthy D22 N=28, Arthritic 
D11 N=15 and Arthritic D22 N=25. 








































Arthritic groups presented inflammatory manifestations with synovial tissue 
inflammation and local bone erosions, as expected. Increased values of serum IL-
6 were observed in arthritic rats since the early stages of arthritis, confirming the 
systemic inflammatory component of this animal model. This cytokine plays a 
pivotal role in the pathologic processes of arthritis with a special emphasis on its 
impact on skeletal bone [20-23]. In accordance with this effect an increased and 
accelerated bone turnover was shown in arthritic animals, as depicted by 
increased CTX-I and P1NP levels since the early stages of arthritis. Data already 
published by our group in the same animal model of arthritis had also shown that 
P1NP levels were increased at day 22 post disease induction in arthritic animals 
and so did CTX-I levels [12], reflecting an overall increase in bone turnover [24]. 
Despite the existing of some variability in human studies, CTX-I and P1NP have 
been found to be increased in RA patients, revealing the coupled compensatory 
mechanism of bone turnover [12,25]. Micro-CT data and 3 point bending test 
confirmed that this interference of inflammation with bone metabolism translates 
into bone micro architectural and mechanical fragility, as observed in RA patients, 
further reinforcing our observations that suggested the use of the AIA model as an 
adequate strategy for a fast insight on the impact of inflammation on bone. 
The first part of this study sets the stage for using this model for evaluating the 
effects of the early phase of systemic inflammatory process at bone tissue level, 
including nanomechanical properties, microarchitecture and mineral and collagen 
content. 
Nanoindentation was performed in order to assess the quality of bone at tissue 
matrix level, as this technique can be used at the level of a single trabecula or 
within a confined submicron area of the cortical bone tissue. Results showed 
decreased cortical and trabecular hardness in arthritic rats since the early phase of 
arthritis (days 11 and 22).  
We also observed at day 11 and 22 post arthritis induction concentric lamellas in 
secondary osteons (SO) microstructures, resulting from high bone remodeling, as 
previously described [12,26,27]. Dall’Ara et al. suggested that larger numbers of 




reduced hardness of bone tissue identified by nanoindentation. On the contrary, 
healthy animals presented more parallel-lamellae (PL) structures than SO 
structures and this PL structures are 10% more harder than the former, 
representing the mature bone structure (and normal bone remodeling) [27]. In 
addition, arthritic animals had an increased area occupied by osteocyte lacunae in 
total tissue. Osteocytes are responsible for the maintenance of the bone 
homeostasis, regulating the behavior of osteoblasts and osteoclasts by 
communicating through gap junctions [28]. Although no previous data is available 
in the context of arthritis some studies revealed that osteocytes from osteoarthritis 
patients have an irregular morphology, with limited ability to reply to mechanical 
stimuli, leading to significant changes in the structure and mineral density [29]. 
Despite being still unclear this apparent change of osteocyte morphology in 
arthritic bone might contribute to the structural and mechanical changes observed 
in this context. 
Finally, FTIR measurements demonstrated that inflammation induces bone 
mineral and collagen loss since the early phase of arthritis. FTIR imaging have 
been extensively applied to the analyzes of bone tissue [30-32], providing insights 
into molecular and chemical changes associated with load and damage of bone 
and cartilage [33].  Results are in line with our previous data using other 
techniques in the chronic phase of arthritis, showing a decreased mineral content 
[12] and also a lower density and organization of collagen fibrils when compared to 




Systemic inflammation induces very early changes at bone tissue level 
characterized by decreased tissue hardness, associated with changes in bone 
lamella organization and osteocyte lacuna surface and with decreased collagen 
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Decrease of CD68 synovial macrophages in celastrol 
treated arthritic rats 
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ABSTRACT 
Background: Rheumatoid arthritis (RA) is a chronic immune-mediated 
inflammatory disease characterized by cellular infiltration into the joints, 
hyperproliferation of synovial cells and bone damage. Available treatments for RA 
only induce remission in around 30% of the patients, have important adverse 
effects and its use is limited by their high cost. Therefore, compounds that can 
control arthritis, with an acceptable safety profile and low production costs are still 
an unmet need. We have shown, in vitro, that celastrol inhibits both IL-1β and 
TNF, which play an important role in RA, and, in vivo, that celastrol has significant 
anti-inflammatory properties. Our main goal in this work was to test the effect of 
celastrol in the number of sublining CD68 macrophages (a biomarker of 
therapeutic response for novel RA treatments) and on the overall synovial tissue 
cellularity and joint structure in the adjuvant-induced rat model of arthritis (AIA). 
Methods: Celastrol was administered to AIA rats both in the early (4 days after 
disease induction) and late (11 days after disease induction) phases of arthritis 
development. The inflammatory score, ankle perimeter and body weight were 
evaluated during treatment period. Rats were sacrificed after 22 days of disease 
progression and blood, internal organs and paw samples were collected for 
toxicological blood parameters and serum proinflammatory cytokine quantification, 
as well as histopathological and immunohistochemical evaluation, respectively. 
Results: Here we report that celastrol significantly decreases the number of 
sublining CD68 macrophages and the overall synovial inflammatory cellularity, and 
halted joint destruction without side effects. Conclusions: Our results validate 





Rheumatoid arthritis (RA) is a chronic immune mediated inflammatory disease that 
is mainly characterized by hyperproliferation of synovial cells, infiltration of 
mononuclear cells into the synovium and early destruction of articular cartilage 
and bone, causing progressive damage to the musculoskeletal system and 
consequently the loss of physical function and life quality [1-3]. The most 
debilitating feature of RA is joint destruction, which is derived from an uncontrolled 
inflammatory process. RA joint synovial cellular infiltrate consists of activated 
macrophages, B and T-cells, which secrete proinflammatory cytokines and other 
mediators of inflammation [1, 4, 5] that not only perpetuate the inflammatory 
process but also increase bone resorption [6-10]. In addition, activated synovial 
fibroblasts, chondrocytes and osteoclasts contribute to the underlying cartilage 
and bone damage [11]. Despite this clear link between inflammation and increased 
bone turnover in RA and the existence of several therapeutical options, their 
efficacy on inflammation and bone treatment seem to be uncoupled, with some 
drugs suppressing inflammation but failing to protect bone [12, 13] and others 
halting bone destruction but with no effect on controlling inflammation [14]. 
Moreover, drugs used to treat RA, ranging from nonsteroidal anti-inflammatory 
drugs (NSAIDs) to disease-modifying antirheumatic drugs (DMARDs), and 
biological DMARDs, still cause severe side effects [15, 16] and are only able to 
induce remission in around 20-30% of the patients, leaving the majority of the 
individuals affected by RA with a chronic inflammatory process that will lead to 
damage. In addition to this, the most recent and innovative treatments are highly 
expensive, representing a burden to national health services and creating a barrier 
to its use in less effluent areas of the world. Therefore, compounds that can 
control arthritis, with an acceptable safety profile and low production cost are still 
an unmet need. 
In this context, we have recently identified celastrol, a pentacyclic triterpenoid 
compound isolated from the roots of the Chinese herb Tripterygium wilfordii Hook 
F, as a potential RA therapeutic candidate [17]. We have shown that celastrol 
inhibits both interleukin (IL)-1β and tumor necrosis factor (TNF), which play an 




inflammatory and anti-proliferative properties in an adjuvant-induced rat model of 
arthritis (AIA) [17]. Supporting our own results, other studies using celastrol have 
reported beneficial effects in various models of inflammation, diminishing joint 
swelling and damage, serum IgG level, TNF and IL-1β mRNA and preventing 
disease progression [19]. Importantly, recent studies have also demonstrated that 
celastrol protects human chondrocytes by down-regulating the expression of 
metalloproteinases (MMPs) and inducible nitric oxide synthase (iNOS), 
suppresses several chemokines that mediate cellular joint infiltration [20], impairs 
B-cell development [21] and also regulates bone remodeling-related immune 
mediators and proinflammatory cytokines in AIA synovium-infiltrating cells cultured 
ex vivo and in the RAW264.7 macrophagic cell line [22]. Celastrol might thus 
constitute an attractive candidate to have an early effect not only in controlling 
inflammation but also in preventing bone structural disturbances that occur in 
arthritis.  
The efficacy of new compounds in the treatment of RA has been associated with a 
decrease in CD68 positive macrophages in the synovial sublining layer.   This 
effect has been clearly demonstrated for most of the effective treatments for RA, 
including classic treatments, such as prednisolone [23], gold salts [24], 
methotrexate [25, 26] and leflunomide [27], and also for biologics such as 
infliximab [28, 29], anakinra [30, 31] and rituximab [32]. Interestingly, a study of a 
CCL-2/MCP-1 monoclonal antibody antagonist demonstrated no change in CD68 
sublining macrophages and this was associated with no change in disease activity 
[33]. In accordance, a C5aR antagonist did not affect CD68 sublining 
macrophages and no clinical effect occurred [34]. Furthermore, a multicenter study 
on the correlation of the number of sublining CD68 cells and the change in DAS28 
demonstrated excellent inter-centre agreement [32] and it has been shown that the 
number of CD68 macrophages decreases with a reduction in disease activity as 
measured by Disease Activity Score [35]. Due to these very solid evidences, the 
number of CD68 sublining macrophages has been proposed as a biomarker of 
therapeutic response to be used in the test of novel treatments for RA [32]. Of 
interest, in the preclinical test of new compounds, a number of observations have 




also decrease CD68 sublining macrophages in animal models of arthritis. Several 
experimental compounds have also shown an association between control of 
arthritis and reduction in the number of CD68 macrophages in animal models of 
arthritis [38-40]. 
Our aim in the herein study was to test the effect of celastrol treatment in the 
number of sublining CD68 macrophages and on the overall synovial tissue 
cellularity and joint structure in an animal model of arthritis, as a further argument 
to its possible efficacy in RA treatment.  
In this work we report that celastrol significantly decreases the number of sublining 
CD68 macrophages and the overall synovial inflammatory cellularity, and halted 
joint destruction without any detectable side effects.  
 
MATERIALS AND METHODS 
 
Animal experimental design 
Eight-week-old female wistar AIA rats were purchased from Charles River 
Laboratories International (Massachusetts, USA). AIA rats were maintained under 
specific pathogen free (SPF) conditions and housed per groups under standard 
laboratory conditions (at 22°C under 12-hour light/12-hour dark conditions). 
Human end-points were established and animals were sacrificed when presenting 
the maximum inflammatory score in more than 2 paws or when presenting more 
than 20% of body weight loss. All experiments were approved by the Animal User 
and Ethical Committees at the Instituto de Medicina Molecular (Lisbon University), 
according to the Portuguese law and the European recommendations. The dose of 
celastrol (1μg/g body weight daily) used in this study was based on that used in 
our previous study [17] and in other studies [22]. The need for daily 
administrations is also supported by Zhang J. et al who showed that the half-life of 
pure celastrol is approximately 10 hours [41]. Celastrol (Sigma, Missouri, USA) 
stock solution of 100mg/ml in DMSO was dissolved in normal saline solution and 
injected intraperitoneally in AIA rats after 4 days (early treatment group) and after 
11 days (late treatment group) of disease induction, when arthritis was already 




matched wistar rats sacrificed at day 4 (baseline for the celastrol early-treated 
group, at preclinical stage, N=13), day 11 (baseline for the celastrol late-treated 
group, at acute clinical stage, N=18) and day 22 after disease induction (chronic 
clinical stage) were used as controls in all experiments for comparison. At the 
preclinical AIA progression stage evidence of inflammation or bone erosion is still 
lacking in the contralateral hind paw and fore paws. Hind paw swelling, 
inflammation and joint erosions are steadily progressing during acute clinical stage 
and reach a plateau in the chronic stage [42]. The inflammatory score, ankle 
perimeter and body weight were measured during the period of treatment. 
Inflammatory score was evaluated by counting the score of each paw joint in a 
scale of 0–3 (0 — absence; 1 — erythema; 2 — erythema and swelling; 3 — 
deformities and functional impairment). The total score of each animal was defined 
as the sum of the partial scores of each affected joint [17, 43]. Rats were sacrificed 






For histopathological observation, lung, liver, kidney and spleen samples were 
collected at the time of sacrifice. Samples were fixed immediately in 10% neutral 
buffered formalin solution and then dehydrated with increasing ethanol 
concentrations (70%, 96% and 100%). Samples were next embedded in paraffin, 
sectioned using a microtome, mounted on microscope slides and stained with 
hematoxylin and eosin. Tissue histopathological changes were examined by a 
pathologist blinded to the experimental groups. All images were acquired using a 
Leica DM 2500 microscope equipped with a color camera Leica MC170 HD (Leica 
microsystems, Wetzlar, Germany). Moreover, blood toxicological parameters, such 
as creatine kinase, urea, lactate dehydrogenase and alanine transaminase, were 
measured in serum samples by enzyme linked immunosorbent assay (ELISA) 
technique according to the manufacturer’s instructions (BioAssay Systems, 
California, USA). Samples were analyzed using a plate reader Infinite M200 




Systemic cytokine quantification 
Proinflammatory cytokines IL-1β (Boster Bio, California, USA), IL-6 (Boster Bio, 
California, USA), IL-17 (Sunred Biological Technology, Shanghai, China) and TNF 
(RayBiotech, Georgia, USA) were quantified in serum samples using specific rat 
ELISA kits according to the provider's recommendations. Standard curves for each 
cytokine were generated by using reference cytokine concentrations supplied by 
the manufacturer. Samples were analyzed using a plate reader Infinite M200 
(Tecan, Mannedorf, Switzerland). 
 
Histological and immunohistochemical evaluation of hind paws 
Left hind paw samples collected at the time of sacrifice were fixed immediately in 
10% neutral buffered formalin solution and then decalcified in 10% formic acid. 
Samples were next dehydrated and embedded in paraffin, serially sectioned at a 
thickness of 5 µm using a microtome, mounted on microscope slides and stained 
with hematoxylin and eosin for morphological examination of structural changes 
and cellular infiltration. Histopathological evaluation of rat joints was performed in 
a blind fashion using 4 semi-quantitative scores: Sublining layer infiltration score (0 
— none to diffuse infiltration; 1 — lymphoid cell aggregate; 2 — lymphoid follicles; 
3 — lymphoid follicles with germinal center formation); Lining layer cell number 
score (0 — fewer than three layers; 1 — three to four layers; 2 — five to six layers; 
3 — more than six layers);  Bone erosion score (0 — no erosions; 1 — minimal; 2 
— mild; 3 — moderate; 4 — marked); Global severity score (0 — no signs of 
inflammation; 1 — mild; 2 — moderate; 3 — severe) [17, 44, 45]. Paw sections 
were also used for immunohistochemical staining with CD68 (Abcam, Cambridge, 
UK), CD163 (Biorbyt, Massachusetts, USA), CD3 (Abcam, Cambridge, UK), CD19 
(Biorbyt, Massachusetts, USA) and Ki67 (Abcam, Cambridge, UK) antibodies. 
Tissue sections were incubated with the primary antibody and with EnVision+ 
(Dako, Glostrup, Denmark). Color was developed in solution containing 
diaminobenzadine-tetrahydrochloride (Sigma, Missouri, USA), 0.5% H2O2 in 




hematoxylin and mounted. Immunohistochemical evaluation of rat joints was 
performed in a blind fashion using a semi-quantitative score of 0-4 (0 — no 
staining; 1 — 0-25% staining; 2 — 25-50% staining; 3 — 50-75% staining; 4 — 
more than 75% staining) [17]. Images were acquired using a Leica DM2500 (Leica 
Microsystems, Wetzlar, Germany) microscope equipped with a color camera. 
For a quantitative analysis of the immunohistochemical staining, we acquired 
whole-slide color images of single tissue slides using a NanoZoomer SQ slide 
scanner (Hamamatsu Photonics, Hamamatsu City, Japan) with 20x magnification 
(0.46 µm resolution). We developed an image analysis software written in 
MATLAB (Mathworks, Natick, MA) to identify and count the number of positive 
cells that displayed a specific cytoplasmic staining in representative sections. 
Briefly, single cell nuclei stained with hematoxylin were identified by color 
thresholding in the L*a*b* color space with the range of parameters L*=[40,72], 
a*=[-11,20] and b*=[-37,12] followed by particle analysis. Dilated regions of 
interest (ROIs) with a radius of 5 pixels were next defined for each detected 
particle as the cytoplasmic area. The antibody staining was also identified by color 
thresholding in the L*a*b* color space with the range of parameters L*=[40,80], 
a*=[-6,20] and b*=[-0.2,33]. Each cell ROI was then evaluated for antibody positive 
staining, defined by the occurrence of at least 20 pixels with a color value included 
in the cytoplasmic L*a*b* threshold range. We cropped areas of interest from 
whole-slide color images corresponding to synovial membranes and the software 
was set to batch process all images and output the total number of cells and the 
number of cells with positive antibody staining for each section. Then the density 










Statistical differences were determined with non-parametric Kruskal-Wallis 
(Dunn´s Multiple Comparison tests) and Mann–Whitney tests using GraphPad 
Prism (GraphPad, California, USA). Correlation analysis was performed with the 
Spearman test. Differences were considered statistically significant for p<0.05. 
 
RESULTS 
Celastrol safely suppresses inflammatory manifestations in rat adjuvant-
induced arthritis 
To further validate the in vivo anti-inflammatory effect of celastrol in the context of 
arthritis, we have used the AIA rat model. The AIA experimental arthritis shares 
some characteristics of RA, such as hyperplasia of the synovial membrane, 
inflammatory infiltration of the joints, deposition of immune complexes in articular 
cartilage, pannus formation and destruction of bone. This model is also useful to 
characterize treatment responses by the reduction of inflammation or changes in 
the synovial tissue [46]. Overall, the AIA model has been extensively used to 
clarify the mechanisms of human RA pathogenesis and to identify potential targets 
and new drugs for therapeutic intervention [47], and has thus been our model of 
choice for our first experimental use of celastrol [17, 48]. 
 Celastrol was intraperitoneally administrated at a dose of 1µg/g/daily after 4 days 
of disease induction (early treatment group) and after 11 days of disease induction 
(late treatment group) [17]. The inflammatory score and ankle perimeter were 
evaluated during the treatment period (Fig. 1 and S1 Fig.). As shown in Fig.1A, all 
animals already presented signs of arthritis by the fourth day of disease induction 
and after 9 days the untreated arthritic group started to increase the inflammatory 
manifestations sharply. In contrast, in early celastrol-treated rats there was 
minimal inflammatory activity or even complete abrogation of arthritis 
manifestations. In the late treatment group, drug administration was started when 
animals already presented a mean inflammatory score of 4, but celastrol still 




remaining sign of swelling was observed in most animals in the local of injection of 
the adjuvant, for disease induction. This result shows that this drug has a 
significant anti-inflammatory effect even when administrated at a later phase of 
arthritis development. Celastrol showed a significant anti-inflammatory effect, as 
assessed by the evaluation of the inflammatory score (p<0.0001 in early and late 
treatment groups vs. arthritic animals, shown in Fig. 1B) and also by the 
measurement of ankle perimeter (p<0.0001 in early and late treatment groups vs. 
arthritic animals, shown in Fig. 1C). Of note, by the end of the treatment, at day 
22, there were no significant differences between the celastrol early and late 
treatment groups. Importantly, both treated groups showed a significant reduction 
in the inflammatory score when compared with their baselines (p=0.0002 in 
celastrol early-treated vs. arthritic rats sacrificed at day 4 and p<0.0001 in 












Fig. 1 – (A) Celastrol ameliorates inflammation throughout time. Notice that after 7 days of 
treatment celastrol early-treated rats presented minimal inflammatory activity, whereas arthritic rats 




treatment after 4 and 11 days of disease induction. (B) Celastrol improves the clinical outcome in 
adjuvant-induced arthritic rats. Inflammatory score in celastrol-treated AIA rats is maintained 
significantly diminished in comparison with arthritic rats. (C) Celastrol suppresses the progression 
of swelling in the left hind paw. Left paw edema/swelling is markedly present in arthritic rats in 
contrast to celastrol-treated animals. Data are expressed as median with interquartile range. 
Differences were considered statistically significant for p-values<0.05, according to the Kruskal-
Wallis (Dunn´s Multiple Comparison tests) and Mann–Whitney tests. Healthy N=19, Arthritic N=23, 
Celastrol early group N=15 and Celastrol late group N=15. 
 
Up to now significant adverse effects of celastrol administration have not been 
reported. However the few toxicological analysis of this compound in vivo were 
based in data from the assessment of animal mortality and some blood 
parameters in studies using Tripterygium wilfordii plant extracts [49]. To 
investigate the potential side effects of pure celastrol administration in AIA rats, we 
performed liver and renal function tests, such as the measurement of creatine 
kinase, urea, lactate dehydrogenase and alanine transaminase in serum samples 
collected at the time of sacrifice. No significant differences were observed in these 
parameters when comparing arthritic rats with animals under treatment (p=0.2). In 
addition, a pathologist blinded to experimental groups examined the tissue 
histological sections and has reported no evidence of drug-induced liver or renal 
injury, as well as no lung or spleen alterations (S2 Fig.). Of note, body weight 
variations were recorded throughout treatment duration, and no weight loss was 
observed due to celastrol administration (p=0.1265 and p=0.6005 in celastrol early 
and late treatment groups vs. arthritic rats, respectively). Contrarily, there was an 
association between disease activity and weigh loss (p=0.0273 in arthritic rats vs. 
healthy animals). In fact, in the late treatment group, animals started to lose weight 
due to disease activity and after treatment was initiated no more weight loss was 
observed (p=0.0436 in late-treated rats at day 11 vs. day 4, and p=0.9009 in late-
treated rats at day 22 vs. day 11) (S3 Fig.). Importantly, administration of celastrol 
has already been tested in healthy animals in a wide range of concentrations [21]. 
So far, there are no data showing deleterious effects at a dose of 1mg/kg (the 




Celastrol diminishes systemic proinflammatory cytokine IL-6 in vivo 
Proinflammatory cytokines, namely IL-1β, IL-6, IL-17 and TNF act synergistically to 
maintain inflammation and bone erosions in animal models of arthritis and in RA 
patients. These cytokines activate the NF-kB pathway that in turn leads to the 
downstream up-regulation of several cytokines, chemokines and MMPs, which are 
responsible for the inflammatory process and for the destruction of cartilage and 
bone. We therefore aimed at evaluating the anti-inflammatory effect of celastrol on 
the peripheral circulating levels of these cytokines. We have observed that IL-6 
levels increase in the serum of AIA rats throughout the course of arthritis, although 
abundant production was seen only after 2 weeks of disease onset. Thus, IL-6, 
which is produced by monocytes/macrophages, T-cells and synovial fibroblasts 
[50], seems to be involved in the systemic events underlying arthritis, especially in 
the transition phase of its development. Fig. 2 shows that celastrol administration 
significantly reduces the levels of IL-6 detected in peripheral blood, both in early 
and late treatment groups (p<0.0001 in both groups vs. arthritic rats after 22 days 
of disease induction), presenting a cytokine concentration similar to healthy 
controls. Importantly, both treated groups showed a significant reduction in the 
circulating levels of IL-6 when compared with their baselines (p=0.0387 in celastrol 
early-treated vs. arthritic rats sacrificed at day 4 and p<0.0001 in celastrol-late 
treated vs. arthritic rats sacrificed at day 11). This observation is corroborated by 
data already published which shows that IL-6 mRNA is decreased after celastrol 
treatment in vitro [51]. We have also quantified the circulating concentration of IL-
1β, IL-17 and TNF, but no differences were found when comparing arthritic rats 
with animals under celastrol treatment or with healthy controls (p>0.05, S4 Fig.), 
possibly because these cytokines are not increased in the periphery at this stage 
of disease development. Previously, we have demonstrated that circulating IL-1β 
and IL-17 are only increased in the early phase of RA, in contrast to IL-6, which 
was found to be increased also in the later phase of the disease [18], arguing that 
the detection of these cytokines in the periphery is dependent on disease 
evolution. In addition, literature controversy highlights the likelihood that systemic 
markers and mediators of arthritis might not fully reflect the underlying local 




preclinical disease stage), IL-6, IL-17 and TNF (in the acute and chronic stages) 
locally in the joints [42]. Recently, it has been shown in the same animal model 
that both Tripterygium and celastrol decrease the levels of these cytokines locally 







Fig. 2 - Celastrol reduces the serum levels of IL-6 in arthritic rats. Notice that celastrol treatment 
significantly reduces the systemic concentration of the proinflammatory cytokine IL-6 to levels 
similar to healthy controls. Data are expressed as median with interquartile range. Differences were 
considered statistically significant for p-values<0.05, according to the Kruskal-Wallis (Dunn´s 
Multiple Comparison tests) and Mann–Whitney tests. Healthy N=21, Arthritic N=23, Celastrol early 
group N=15 and Celastrol late group N=15. 
 
Celastrol ameliorates local joint inflammation and bone damage in AIA rats  
To evaluate the effect of celastrol in the preservation of local articular joint 
synovium and bone structures, paw sections stained with hematoxylin and eosin 
were performed (illustrative images can be observed in Fig. 3). The histological 
evaluation using 4 semi-quantitative scores is depicted in Fig. 4. 
The levels of the sublining layer infiltration (Fig. 4A) and the lining layer cell 
numbers (Fig. 4B) started to augment immediately after 4 days of disease onset 
and continued to markedly increase until the end of the study (p<0.0001, healthy 
vs. arthritic rats sacrificed after 22 days of disease induction). The data from Fig. 




of the study period, with an abrogation of the inflammatory infiltrate and a 
reduction of the number of cells present in the lining layer of the synovial 
membrane (p<0.0001 in early and late treatment groups vs. arthritic animals). 
Moreover, when comparing the infiltration score of celastrol early-treated group 
with diseased animals at baseline (day 4), we observed that there was a complete 
clearance of the cellular infiltrate (p=0.0006 in the early-treated group sacrificed at 
the end of the treatment period vs. arthritic rats sacrificed at baseline of the 
treatment period, i.e. after 4 days of disease induction), with a phenotype similar to 
a healthy control. Regarding the analysis of the lining layer cell number score (Fig. 
4B), data showed that both celastrol early and late treatment groups have 
dramatically reduced scores, in comparison with the animals at the beginning of 
treatment, corresponding to baseline (p=0.0107 in early-treated arthritic rats 
sacrificed at the end of the study period vs. arthritic rats sacrificed at baseline, at 
day 4 and p<0.0001 in late-treated arthritic rats sacrificed at the end of the study 
period vs. arthritic rats sacrificed at baseline, at day 11, respectively). 
Celastrol is also effective in preventing bone articular destruction as shown in Fig. 
4C. The development of bone erosions in the AIA rat model occurred immediately 
after 4 days of disease onset, and markedly increased throughout the 
development of arthritis (p<0.0001 in healthy vs. arthritic rats sacrificed after 22 
days of disease induction), with a strong correlation between erosion and 
infiltration as well as with proliferation scores (r2=0.70, p=0.0009 and r2=0.97, 
p<0.0001, respectively). By the end of the treatment course, celastrol was able to 
suppress the appearance of bone erosions (p<0.0001 in both celastrol early and 
late treatment groups vs. arthritic rats), maintaining the phenotype similar to their 
baselines. These results might suggest that celastrol is able to modulate 
oscleoclast pathways. In fact, a study has demonstrated that celastrol inhibits the 
formation and activity of mature osteoclasts, induces their apoptosis and reduces 




















Fig. 3 – Histological images of joints after celastrol treatment. These patterns are merely illustrative 
of the type of histological features observed. Black arrow indicates the absence/presence of ankle 
swelling in rat hind paws. C – calcaneus, E – edema or erosion, S – synovia, Tb – tibia, Ts – tarso. 





Fig. 4 – Celastrol suppresses arthritic inflammation and tissue damage locally in the joints of AIA 
rats. A semi-quantitative evaluation of histological sections was performed. Notice that celastrol 
has inhibited cellular infiltration (A), completely reversed the number of lining layer cells to the 
normal values (B) and prevented bone erosion occurrence (C), allowing for a normal joint structure 
comparable to healthy rats in both early and late treatment groups (D). Data are expressed as 
median with interquartile range. Differences were considered statistically significant for p-
values<0.05, according to the Kruskal-Wallis (Dunn´s Multiple Comparison tests) and Mann–
Whitney tests. Correlation analysis was performed using the Spearman test. Healthy N=19, 
Arthritic N=23, Celastrol early group N=15 and Celastrol late group N=15. 
 
Overall, these data are supported by studies already published in the literature 
using several plant extracts and different experimental outlines [19, 20, 22, 54, 55]. 
Thus, there is strong evidence that celastrol is able to significantly diminish 
inflammation and bone damage, even when administrated in a later phase of 





Celastrol inhibits synovial lymphocyte infiltration and cell proliferation in 
arthritic rat joints 
The immunohistochemical analysis revealed that arthritic rats treated with celastrol 
have reduced levels of lymphocyte infiltration into the joints (Fig. 5 and Fig. 7). As 
can be observed in Fig. 5B there were significant reductions of CD3+ T-cells 
(p<0.0001 in early and late treatment groups vs. arthritic rats) and CD19+ B-cells 
(p<0.0001 in early and late treatment groups vs. arthritic rats). In contrast, the 
number of these cells markedly increased throughout disease progression in 
untreated animals (p<0.0001 in healthy vs. arthritic rats, sacrificed at the end of 
the study period). A study by Venkatesha et al, have shown that celastrol reduces 
the level of chemokines, which might explain the inhibition of leukocyte migration 
[20]. 
In addition, we have also studied cell proliferation by staining joint tissue sections 
with the Ki67 marker. The immunohistochemical results shown in Fig. 5B revealed 
that animals treated with celastrol have reduced levels of synovial cell proliferation 
in both early and late treated rats (p<0.0001 in both groups vs. arthritic animals), 
with a score similar to the healthy controls. 
Results of immunohistochemical quantification also showed that celastrol 
significantly reduced CD3+ T-cells (p=0.0079 in both early and late treatment 
groups vs. arthritic rats) and CD19+ B-cells (p=0.0317 in both early and late 
treatment groups vs. arthritic rats) infiltrated into the joints as well as synovial cell 
proliferation (p=0.0079 in both early and late treatment groups vs. arthritic rats), as 





Fig. 5 – Celastrol reduces the number of T-cells and B-cells present in the synovial membrane, and 
suppresses synovial cell proliferation. (A) Representation of the immunohistochemical evaluation 
performed in paw sections at day 22 after celastrol treatment. (B) Immunohistochemical analysis 
was performed using a semi-quantitative score. Notice that both celastrol early and late-treated rats 
showed a significant reduction in the number of CD3 and CD19 positive cells as well as a reduction 
in the levels of synovial cell proliferation assessed by Ki67 marker in comparison with arthritic rats 
at day 22. Magnifications of 200×. Bar: 100 μm. Data are expressed as median with interquartile 
range. Differences were considered statistically significant for p-values<0.05, according to the 
Kruskal-Wallis (Dunn´s Multiple Comparison tests) and Mann–Whitney tests. Healthy N=16, 
Arthritic N=10, Celastrol early group N=15 and Celastrol late group N=15. 
 
Celastrol significantly reduces CD68+ macrophages in the arthritic synovial 
tissue 
The activated macrophages in the synovium are derived from circulating 
monocytes and secrete various mediators that participate in arthritis induction and 
tissue injury. Studies of drug efficacy in RA patients have identified, from a large 
panel of synovial biomarkers, sublining CD68+ macrophages as an optimal marker 
to evaluate clinical response, with an association between clinical improvement 
and the reduction of CD68+ macrophage scores. Therefore, CD68+ sublining 
macrophages have been recognized as a synovial biomarker, with a high 




useful in an early stage of drug development [34, 56]. We have thus performed the 
characterization of CD68+ macrophages present in the synovial tissue after 
treatment with celastrol (Fig. 6 and Fig. 7). Arthritic rats have shown an increase in 
the number of CD68+ synovial macrophages throughout the development of the 
disease (p<0.0001 in healthy vs. arthritic rats, as shown in Fig. 6B). Importantly, 
celastrol significantly decreased the number of CD68+ macrophages infiltrated into 
the arthritic joint tissue (p<0.0001 in early and late treatment groups vs. arthritic 
rats). In addition, celastrol administration significantly decreased the levels of 
CD163+ macrophages (p<0.0001 in early and late treatment groups vs. arthritic 
rats). CD163 is a useful marker in this context because it is a more selective 
macrophage marker and helps to discriminate between synovial macrophages and 
synovial intimal fibroblasts, which also stain positively for CD68 in RA synovium 
[57]. Previous studies have in fact shown that synovial intimal fibroblasts migration 
and invasion into the synovium are also reduced by celastrol [55, 58].  
Results of immunohistochemical quantification shown in Fig. 7 also revealed that 
celastrol significantly reduced CD68+ cells (p=0.0079 in both early and late 
treatment groups vs. arthritic rats) and CD163+ macrophages (p=0.0079 in both 
early and late treatment groups vs. arthritic rats) infiltrated into the joints.  
Because inflammatory synovial tissue macrophages are derived from peripheral 
blood monocytes, these observations suggest decreased monocyte recruitment 
into the joints of arthritic rats treated with celastrol, even when treatment was 





Fig. 6 – Celastrol reduces the number of synovial CD68+ macrophages. (A) Representation of the 
immunohistochemical evaluation performed in paw sections at day 22 after celastrol treatment. (B) 
Immunohistochemical analysis was performed using a semi-quantitative score. Notice that both 
celastrol early and late-treated rats showed a significant reduction in the number of CD68 and 
CD163 positive cells in comparison with arthritic rats at day 22. Magnifications of 200×. Bar: 100 
μm. Data are expressed as median with interquartile range. Differences were considered 
statistically significant for p-values<0.05, according to the Kruskal-Wallis (Dunn´s Multiple 
Comparison tests) and Mann–Whitney tests. Healthy N=16, Arthritic N=10, Celastrol early group 
N=15 and Celastrol late group N=15. 
Fig. 7 – Celastrol reduces the number of synovial CD3+, CD19+, Ki67+, CD68+ and CD163+ cells. 
Immunohistochemical quantification was performed using an image analysis software written in 
MATLAB to identify and count the number of positive cells for each antibody in representative 
sections. Notice that both celastrol early and late-treated rats showed a significant reduction in the 
number of CD3, CD19, Ki67, CD68 and CD163 positive cells in comparison with arthritic rats at day 
22. Data are expressed as median with interquartile range. Differences were considered 
statistically significant for p-values<0.05, according to the Mann–Whitney tests. Healthy N=5, 









In this study, we have shown that celastrol substantially depletes CD68+ sublining 
synovial cells, considered to be the biomarker with the strongest association with 
response to treatment in RA. Moreover, celastrol was effective and safe in 
suppressing synovial inflammation and bone damage in rats with AIA.  
We have consistently observed that celastrol treatment reduced serum IL-6 levels 
in arthritic rats. This observation is relevant because IL-6 is a proinflammatory 
cytokine that plays a relevant role in the pathogenesis of RA, namely in Th17 
polarization and plasma B-cell differentiation, in the production of chemokines, 
adhesion molecules, and VEGF, and in the secretion of RANKL and MMPs, 
amplifying inflammatory cell infiltration and inducing osteoclastogenesis [59-61]. 
Interestingly, it was shown that celastrol can suppress arthritis in part by altering 
Th17/Treg ratio in inflamed joints [52]. Additionally, celastrol-treated rats showed a 
significant reduction in the severity of clinical arthritis as well as in pannus 
formation and leukocyte cell infiltration into the joint synovial tissue. This cell 
infiltration and proliferation inhibitory effect of celastrol may thus prove to be of 
interest to prevent and treat the development of the synovial tumor-like pannus 
tissue characteristic of established RA and responsible for bone damage. 
Interestingly, histological analysis also revealed that celastrol is effective in 
suppressing local inflammation-induced bone loss. Of note, celastrol treatment is 
effective when administrated both in the early and established phase of arthritis, 
which is relevant for the potential clinical implications of our findings. Our report is 
the first to demonstrate the protective coupled effect of celastrol in vivo on both 
synovial inflammation and joint bone damage restoring synovial homeostasis, 
fulfilling this unmet medical need in RA treatment approach. Importantly, CD68+ 
sublining macrophages, a synovial biomarker with a high sensitivity in selecting 
effective RA therapies in an early stage of drug development, is significantly 
reduced in the synovia of celastrol-treated rats.  
It has already been reported that celastrol targets NF-kB, via long-lasting inhibition 
of IKKβ activity [62]. In fact, the inactivation of NF-kB in animal models has shown 




encoding many proinflammatory cytokines and chemokines, in the regulation of 
different immune cells and in the expression of adhesion molecules and matrix 
MMPs [64]. Based on microarray gene expression profile it has been 
demonstrated that celastrol represses cell proliferation, inflammation and immune 
responses (targets T and B-cells, antigen processing and presentation), blocks 
metabolic pathways, has anti-oxidant properties, and targets VEGF, 
proinflammatory cytokines and chemokines [65]. Indeed, it has been demonstrated 
that celastrol reduces the levels of chemokines, possibly affecting leukocyte 
migration [20]. Celastrol has thus a broad spectrum of targets, modulating immune 
responses rather than inducing immunosuppression [65]. Our results point out that 
pure celastrol used in the AIA rat model is not associated with increased risk of 
infections, have no hepatotoxicity or nephrotoxicity, suggesting that at least for 
short-term RA treatment, celastrol might be a safe drug. 
Overall, our results validate celastrol as a promising compound for the treatment of 
inflammation and inflammation-induced bone damage and provide relevant 
insights into the usage of celastrol as a future drug for RA. It would be interesting 
to extend this knowledge by studying the anti-arthritic properties of celastrol in vivo 
using different animal models of arthritis, namely the collagen induced arthritis 
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S1 Fig. Ankle perimeter kinetics. Celastrol was administered to AIA rats both in 
the early (4 days after disease induction) and late (11 days after disease induction) 
phases of arthritis development. Notice that after 7 days of treatment celastrol 
early-treated rats presented an ankle perimeter similar to the healthy control, 
whereas arthritic rats started to increase left ankle edema/swelling sharply. In the 
celastrol late-treated group, ankle swelling started to increase in parallel to the 
augment of the inflammatory score, but after treatment was initiated ankle 
perimeter started to significantly decrease. Data are expressed as median with 
interquartile range. Differences were considered statistically significant for p-
values<0.05, according to the Kruskal-Wallis (Dunn´s Multiple Comparison tests) 
and Mann–Whitney tests. Healthy N=19, Arthritic N=23, Celastrol early group 
N=15 and Celastrol late group N=15. 
 
S2 Fig. Administration of pure celastrol induces no hepatic or renal toxicity. At day 




the animals. Liver and kidney samples from all animals were analyzed by a 
pathologist blinded to experimental groups but only representative histological 
sections are shown. H&E staining; Magnifications of 100×. Bar: 300 μm. 
 
S3 Fig. Celastrol treatment has no effect on body weight. Notice that no weight 
loss was observed due to celastrol administration. In contrast, there was an 
association between disease activity and weight loss, which was highlighted in 
late-treated rats that started to lose weight due to disease activity (day 4 up to day 
11) and after treatment was initiated no more weight loss was observed (day 11 up 
to day 22). Data are expressed as median with interquartile range. Differences 
were considered statistically significant for p-values<0.05, according to the Mann–
Whitney tests.  
 
S4 Fig. Celastrol has no effect in the serum levels of IL-1β, IL-17 and TNF in 
arthritic rats. Data are expressed as median with interquartile range. Differences 
were considered statistically significant for p-values<0.05, according to the 
Kruskal-Wallis (Dunn´s Multiple Comparison tests) and Mann–Whitney tests. 
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Celastrol preserves bone structure and mechanics 
in arthritic rats 
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Objectives – Rheumatoid arthritis (RA) is characterized by chronic inflammation 
leading to articular bone and cartilage damage. Despite recent progress in RA 
management, adverse effects, lack of efficacy and economic barriers to treatment 
access still limit therapeutic success, which means that RA is currently an 
unremitting and debilitating disease. Therefore, safer and less expensive 
treatments that control inflammation and bone resorption are needed. We have 
previously shown that celastrol is a candidate for RA treatment based on its anti-
inflammatory properties and ability to decrease synovial CD68 macrophages. 
Herein our goal was to evaluate the effect of celastrol in local and systemic bone 
loss. Methods – Celastrol was administrated intraperitoneally at a dose of 
1µg/g/day to female Wistar adjuvant-induced arthritis (AIA) rats. Rats were 
sacrificed after 22 days of disease progression and blood, femurs, tibias and paw 
samples were collected for the quantification of bone remodeling markers, 3-point 
bending test, micro-computed tomography analysis, and immunohistochemical 
evaluation. Results – We have observed that celastrol preserved articular 
structures and decreased the number of osteoclasts and osteoblasts present in 
arthritic joints. Moreover, celastrol reduced TRACP-5b, P1NP and CTX-II levels. 
Importantly, celastrol prevented bone loss and bone microarchitecture 
degradation, with an increase in trabecular bone volume fraction and endosteal 
bone quantity. Animals treated with celastrol also have less fragile bones, as 




These results suggest that celastrol reduces both bone resorption and cartilage 




Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease 
with an estimated worldwide prevalence of 1%. This disease has a great impact on 
both individuals and society. RA patients are ten times more likely to be disabled, 
have three times more direct healthcare costs and are also two times more likely 
to require hospitalization than healthy individuals [1, 2]. RA is characterized by 
chronic edema and inflammation of the synovial tissue that lines joints. As disease 
progresses, cartilage and bone are damaged leading to articular destruction [3]. 
This periarticular and systemic bone loss leads to an increased risk of fracture in 
RA patients [4, 5]. Bone loss in RA results from an imbalance between the 
osteoblastic synthesis and osteoclastic degradation of bone, with bone resorption 
dominating over bone formation leading to systemic osteopenia [6]. 
Over the past 2 decades, more effective therapies for RA have been developed, 
but they still have issues related with safety and production costs. In addition, only 
around 30% of the patients reach remission, leaving most of the individuals 
affected by a chronic unremitting destructive disease, with the need for 
nonsteroidal anti-inflammatory drugs and corticosteroids for symptoms control [7]. 
Moreover, current treatment approaches primarily target inflammation with varying 
success in limiting the progression of bone damage[8]. Therefore, new therapies 
targeting both inflammatory processes and bone resorption, with a good safety 
profile and low production costs are still an unmet medical need in the field of RA. 
We have previously reported increased levels of IL-1β in very recent onset arthritis 
and in the synovial fluid of established RA patients [9]. This may be explained by 
the activation of caspase-1, responsible for the processing of pro-IL-1β, which we 
have also observed to be increased since early RA [10]. Through an in vitro drug 
screening using the THP-1 macrophagic cell line, we have identified compounds 
that decrease the production of IL-1β together with a reduction in another central 
pro-inflammatory cytokine of RA physiopathology, TNF. Among them, celastrol 




downregulate the production of IL-1β and TNF, by inhibiting both the activation of 
caspase-1 and NF-kB [11]. Celastrol is a pentacyclic-triterpene extracted from a 
plant used in traditional Chinese medicine, the Trypterigium wilfordii Hook. In vivo, 
we have recently described that celastrol has significant anti-inflammatory and 
anti-proliferative properties, with a decrease in the overall synovial inflammatory 
cellularity and, most importantly, in the number of sublining CD68 positive 
macrophages, a biomarker of drug efficacy in RA [11, 12]. In this study we have 
now hypothesized that celastrol is able to control, not only inflammation, but also 
focal and systemic bone resorption that occurs in arthritis.  
Our aim in the herein study was to evaluate the ability of celastrol to counteract 
bone loss in the adjuvant-induced arthritis (AIA) rat model. The AIA rat model is 
the most widely used animal model for the evaluation of experimental compounds 
for RA treatment [13, 14]. We have recently documented that this is also an 
adequate model to study the impact of new compounds on bone [15]. In this work, 
celastrol administration was introduced therapeutically both at the early (preclinical 
stage) and late (clinical stage peak) phases of arthritis development to more 
closely model the clinical practice, with a complete analysis of bone quality.  
 




Eight-week-old female Wistar AIA rats weighing 230-250gr were purchased from 
Charles River Laboratories International (Massachusetts, USA). AIA rats were 
maintained in specific pathogen free (SPF) facilities, randomly housed per groups 
under standard laboratory conditions (at 20-22°C under 10-hour light/14-hour 
dark), and given free access to food (RM3, SDS diets, UK) and water (ultrapure). 
In addition, to minimize animal discomfort it was used paper shavings as bedding 
material in Double Decker GR1800 cages (Techniplast, UK) with 5 animals each. 
In accordance with Directive 2010/63/EU, all animal procedures were approved by 
the institutional animal welfare body (ORBEA-iMM) and licensed by the 
Portuguese competent authority (DGAV – Direcção Geral de Alimentação e 




when presenting the maximum inflammatory score (0-3) [16] in more than 2 paws 





The dose of celastrol (1μg/g/day) used in this study was based on that used in our 
previous study [11] and in other studies [17]. Also, we have already reported that 
this dose is effective in suppressing synovial inflammation in the AIA rat model, 
with no evidence of drug-induced toxicity [12]. Celastrol (Sigma, Missouri, USA) 
stock solution of 100mg/ml in DMSO was dissolved in normal saline solution and 
injected intraperitoneally in the early treatment group of AIA rats since the 4th day 
of disease induction (N=15) and in the late treatment group since the 11th day of 
disease induction (N=15), and was maintained until day 22. Studies using the AIA 
model are generally completed at this time point due to a plateau effect of 
inflammatory manifestations. A group of healthy non-arthritic and arthritic 
untreated female age-matched Wistar rats sacrificed at day 4 (baseline for the 
celastrol early-treated group, at preclinical stage, N=5-13), day 11 (baseline for the 
celastrol late-treated group, at acute clinical stage, N=5-17) and day 22 after 
disease induction (chronic clinical stage) were used as controls in all experiments. 
The sample size in each group was calculated using free sample size calculating 
G*Power version 3.1.9.2 software (Type of power analysis: a priori; α err prob: 
0.05; power (1-β err prob): 0.95; Effect size d: 1.526112; Actual power: 
0.9576654). At the preclinical AIA progression stage evidence of inflammation or 
bone erosions is still lacking in the contralateral hind paw and fore paws. Hind paw 
swelling, inflammation and joint erosions steadily progress during acute clinical 
stage and reach a plateau in the chronic stage [18]. Rats were sacrificed by CO2 








Immunohistochemical staining of cathepsin k and osteocalcin positive cells 
in hind paws 
 
Left hind paw samples collected at the time of sacrifice were fixed immediately in 
10% neutral buffered formalin solution and then decalcified in 10% formic acid. 
Samples were next dehydrated and embedded in paraffin, serially sectioned at a 
thickness of 5µm using a microtome, and mounted on microscope slides. 
Immunolocalization of osteoclasts and osteoblasts was performed by staining with 
cathepsin k (osteoclast marker; mature osteoclast enzyme. Biorbyt, Cambridge, 
UK) and osteocalcin (osteoblast marker; indicator of osteoblastic activity. Abcam, 
Cambridge, UK) primary antibodies followed by EnVision+ (Dako, Glostrup, 
Denmark). Color was developed in solution containing diaminobenzadine-
tetrahydrochloride (DAB, Sigma, Missouri, USA), 0.5% H2O2 in phosphate-
buffered saline buffer (pH 7.6). Slides were counterstained with hematoxylin and 
mounted. Immunohistochemical evaluation of rat joints was performed in a blinded 
fashion using a semi-quantitative score of 0-3 (0 — 0-25% staining; 1 — 25-50% 
staining; 2 — 50-75% staining; 3 — more than 75% staining)[19]. Slides were 
analyzed using a Leica DM2500 microscope (Leica Microsystems, Wetzlar, 
Germany). 
 
Serum biochemical measurement of bone and cartilage turnover markers 
 
Bone and cartilage turnover were analyzed by quantifying the levels of TRACP-5b 
(Tartrate-resistant acid phosphatase 5b), P1NP (procollagen type I amino-terminal 
propeptide) and CTX-II (C-terminal crosslinked telopeptide of type II collagen) in 
rat serum using ELISA (Immunodiagnostic System, Boldon, UK). All of the 
commercial assays were performed according to the manufacturers' instructions 
and standard curves were generated using supplied reference concentrations. 








Micro-computed tomography (micro-CT) analysis 
 
Structural properties of the trabecular and cortical tibiae were determined with a 
high-resolution micro-CT system (SkyScan 1272, Bruker micro-CT, Kontich, 
Belgium). Moist bones were wrapped in parafilm and covered with dental wax to 
prevent drying and movement during the scanning. X-ray tube voltage was set to 
50kV and the beam was filtered with 0.5mm Aluminum filter. Sample position and 
camera settings were tuned to provide 3.0µm isotropic pixel size and projection 
images were collected every 0.2°. Density calibration was performed against 
hydroxyapatite phantoms with densities of 250mg/cm3 and 750mg/cm3. Image 
reconstruction was done with NRecon software (v1.6.9.8; Bruker micro-CT, 
Kontich, Belgium) and appropriate corrections were applied to reduce beam 
hardening and ring artefacts. Trabecular bone was manually segmented from 
cortical bone, and trabecular bone parameters were analyzed over 1400 slices 
starting 200 slices distal from growth plate. Cortical bone parameters were 
analyzed over 300 slices starting 1800 slices distal from growth plate. 
Analyzes were performed in agreement with guidelines for assessment of bone 
microstructure in rodents using micro-CT [20]. Trabecular bone morphology was 
analyzed by applying global threshold and despeckling to provide binary image for 
3D analysis. Cortical bone ROI was refined with ROI-shrink wrap operation, which 
also provided cortical bone shape for 2D morphological analysis. This was 
followed by segmentation of blood vessels using adaptive thresholding. Blood 
vessels (porosity) were analyzed using 3D morphological analyzes. 
 
3-point bending biomechanical test 
 
In order to investigate bone strength after celastrol treatment, femurs were 
subjected to a 3-point bending test in a universal testing machine (Instron 3366, 
Instron Corp., Massachusetts, USA) with a load-cell of 500N. Femurs were placed 
horizontally anterior side upwards on a support with span length of 5mm. The load 
was applied with a constant speed of 0.005mm/s until a failure occurred. Stiffness 
was analyzed by fitting first-degree polynomial function to the linear part of 










Statistical differences were determined with non-parametric Mann–Whitney tests 
using GraphPad Prism (GraphPad, California, USA). Differences were considered 
statistically significant for p<0.05. Data are presented as median with interquartile 
range.  
The primary outcome of this study was to prevent the structural and mechanical 
damage of bone induced by inflammation, and the secondary outcome was to 
treat the structural and mechanical deterioration of bone in a chronic phase of 




Celastrol decreases the number of osteoclasts and osteoblasts present in 
arthritic joints 
 
Previously, we have observed that celastrol administration significantly reduced 
disease severity and suppressed joint bone erosions in arthritic rats, with no 
observed adverse effects [12]. At baseline celastrol early-treated group had a 
mean inflammatory score of 1.5±0.7 and celastrol late-treated group had a mean 
inflammatory score of 3.9±2.0, with no differences in body weight comparing to 
untreated arthritic animals. Arthritic rats showed enhanced numbers of osteoclasts 
(cathepsin k+ cells) in the hind paw (p<0.0001 vs healthy controls, Fig 1). 
Importantly, celastrol administration significantly lowered the number of 
osteoclasts to levels similar to healthy controls (p<0.0001 in both treatment groups 
vs arthritic rats). Arthritic rats also showed increased numbers of osteoblasts 
(osteocalcin+ cells) in the hind paw (p<0.0001 vs healthy controls, Fig 1). Notably, 
celastrol administration significantly reduced the number of osteoblasts (p<0.0001 





Fig. 1 – Celastrol reduces the number of bone-related cells in arthritic joints. Representation of the 
immunohistochemical evaluation performed in paw sections at day 22 after celastrol treatment. 
Magnifications of 200×. Bar: 100 μm (A). Cathepsin k positive cells and osteocalcin positive cells 
were identified in arthritic joints by immunohistochemistry of paw sections (B). 
Immunohistochemical analysis was performed using a semi-quantitative score. Notice that celastrol 
treatment significantly reduced both types of cells. Paw samples were collected at the time of 
sacrifice. Data are expressed as median score with interquartile range. Differences were 
considered statistically significant for p-values<0.05, according to the Mann–Whitney tests. H – 
Healthy, A – Arthritic, E – Celastrol early-treated, L – Celastrol late-treated. Healthy N=16, Arthritic 
N=10, Celastrol early-treated N=15 and Celastrol late-treated N=15.  
 
 
Celastrol reduces arthritis-induced bone resorption and cartilage 
degradation 
 
To further elucidate the protective effect of celastrol on inflammation-mediated 
articular joint damage, bone and cartilage turnover markers were quantified in 
serum samples. The levels of serum TRACP-5b, P1NP and CTX-II of healthy, 
arthritic and celastrol-treated rats are shown in Fig 2. In the arthritic group, there 
was a marked increase of TRACP-5b after 4 days of disease induction (p=0.0267 
vs healthy controls and p=0.0089 vs arthritic rats after 22 days of disease 
induction) with a gradual decrease throughout disease progression (Fig 2A), as 




significant increase in serum P1NP (p=0.0034, Fig 2B) and CTX-II (p=0.0082, Fig 
2C), as a consequence of the high bone turnover and cartilage degradation. 
Importantly, both in celastrol early and late-treated rats there was a significant 
reduction in TRACP-5b levels comparing with arthritic rats (p=0.0004 and 
p=0.0001, respectively) and with treatment baselines (p=0.0014 vs arthritic rats at 
day 4 and p<0.0001 vs arthritic rats at day 11, respectively), suggesting a 
decrease in bone resorption. In addition, both treatment groups showed a 
significant drop in P1NP levels (p=0.0069 in early-treated and p=0.0135 in late-
treated rats vs arthritic animals). Finally, the decrease in CTX-II (p=0.0149 in 
celastrol early-treated vs arthritic rats) revealed that treatment is also effective in 
protecting cartilage integrity. Of note, although a strong tendency towards a 
decrease in CTX-II was observed in celastrol late-treated rats, it did not reach 
statistical significance. These results suggest that there is a reduction both in bone 
and cartilage degradation in celastrol treated rats. 
 
 
Fig. 2 – Celastrol diminishes bone and cartilage turnover markers. TRACP-5b (A), P1NP (B) and 
CTX-II (C) levels were quantified in rat serum samples collected at the time of sacrifice. Celastrol is 
able to significantly reduce the levels of TRACP-5b, P1NP and CTX-II in comparison with untreated 
arthritic rats. Data are expressed as median with interquartile range. Differences were considered 
statistically significant for p-values<0.05, according to the Mann–Whitney tests. H – Healthy, A – 
Arthritic, E – Celastrol early-treated, L – Celastrol late-treated. Healthy N=13, Arthritic N=18, 





Celastrol prevents bone loss and bone microarchitecture degradation in 
arthritis 
 
The effect of celastrol on inflammation-induced systemic bone loss was assessed 
by micro-CT analysis of tibial bones (Fig 3). Representative reconstructions of 
micro-CT analysis of rat tibiae are shown in Fig 3A. Arthritis progression led to 
significant reductions in trabecular bone mass and in trabecular bone volume 
fraction and number (p<0.0001 vs healthy controls, Fig 3B), and an increase in 
trabecular separation and porosity (p<0.0001 vs healthy controls, Fig 3B). Also the 
structural integrity declines with arthritis, as trabeculae have fewer connections 
and have rather rod-like appearance, indicated by increased structure model 
index. A 18-day course of therapy with celastrol, starting 4 days after disease 
induction, preserved bone mass and integrity, with a significant increase in 
trabecular bone volume fraction (+16.6%, p=0.02) and number (+20.3%, 
p=0.0047) as well as with a decrease in trabecular separation (-12.9%, p=0.0023) 
and porosity (-4.5%, p=0.0148) in comparison to arthritic rats. Importantly, 
celastrol early-treated rats also showed a significant reduction in trabecular 
separation even when comparing with their baseline (-22.1%, p=0.0101 vs arthritic 
rats sacrificed at day 4 after disease induction). Celastrol treatment also preserved 
structural integrity, as trabeculae have more connections and have less rod-like 
appearance (p=0.0462 and p=0.0047 in early-treated vs arthritic rats, 
respectively). Additionally, micro-CT analysis revealed that trabecular thickness is 
reduced in arthritic rats (p<0.0001 vs healthy controls), but there was no effect 
after celastrol treatment. As depicted in Fig 3B, no effect in trabecular bone 
microarchitecture was observed in celastrol late-treated group, except for a 
significant reduction in trabecular separation (-10.6%, p=0.0325 vs arthritis rats).  
A similar pattern can be observed for cortical bone. Arthritis decreases cortical 
bone area (-10.8%, p<0.0001) and thickness (-11%, p<0.0001) in arthritic tibias 
compared to healthy controls. Although overall cortical porosity is similar between 
arthritic and healthy controls, blood vessel channels are significantly wider in 
arthritic bones compared to controls (p=0.0146). 
As shown in Fig 3C, both treatment approaches affect cortical bone by inhibiting 




p=0.0026 in early-treated and -20.1%, p=0.0017 in late-treated celastrol rats vs 
arthritic animals). Also both groups have decreased cortical porosity (-18.2%, 
p=0.0161 in early-treated and -30.1%, p=0.0001 in late-treated) due to a decrease 
in the number (-17.1%, p=0.0211 in early-treated and -29.7%, p=0.0004 in late-
treated) and thickness (-3.1%, p=0.0425 in early-treated and -4.8%, p=0.0026 in 
late-treated) of blood vessel channels and thus increasing their separation (+7.9%, 
p=0.180 in early-treated and +14.6%, p=0.0037 in late-treated) compared to 
arthritic rats. Of note, both treatment groups significantly showed an improvement 
in these cortical parameters when compared with their respective baselines 
(p<0.05). 
These data show that treatment with celastrol significantly prevented the marked 
inflammation-induced bone loss and microarchitecture degradation of AIA rats as 
pointed out by the improved trabecular and cortical parameters. 
 
Fig. 3 – Celastrol preserves bone microarchitecture in arthritis. Inflammation-induced bone loss 
and bone microarchitecture degradation, and the protective effect of celastrol are illustrated in 
representative micro-CT reconstructions (A). Trabecular (B) and cortical (C) bone indices were 
quantified from micro-CT reconstructions. Notice that tibiae from the celastrol early-treated group 
have improved trabecular and cortical parameters comparing with arthritic rats. Tibias were 
collected at the time of sacrifice. Data are expressed as median with interquartile range. 
Differences were considered statistically significant for p-values<0.05, according to the Mann–
Whitney tests. H – Healthy, A – Arthritic, E – Celastrol early-treated, L – Celastrol late-treated. 




Celastrol improves bone mechanical properties in arthritic rats 
 
Bone strength of rat femurs was evaluated using the 3-point bending test (Fig 4). 
There was a significant reduction in the maximal load that arthritic femurs were 
able to resist before breaking as compared to healthy controls (-13.6%, p=0.0017). 
Early administration of celastrol restored bone strength and maximal breaking load 
was increased by 9.4%, when comparing to arthritic group (p=0.0434, Fig 4A). 
Late celastrol administration was insufficient to correct bone damage and these 
animals showed decreased maximal deformation and capability to absorb energy, 
which were significantly reduced by -14.7% (p=0.0298, Fig 4B) and -18.8% 
(p=0.0377, Fig 4C), respectively. Additionally, arthritic rats have a reduction in the 
yield displacement (-28,3%, p=0.0192 in arthritic rats vs healthy controls). In 
contrast, in celastrol early-treated rats there was an increase in the elastic 
properties of bone with an augment in yield displacement (+20.7%, p=0.0498 in 
celastrol early-treated vs arthritic rats), meaning that a higher elastic deformation 
of the femur was arising before the first micro fractures occur (Fig 4D). In addition, 
mechanical results revealed that there was a significant reduction in the load (Fig 
4E) and elastic energy at yield point (Fig 4F) in arthritic rats comparing with 
healthy controls (p=0.0229 and p=0.0161, respectively), only partially corrected in 
arthritic rats under celastrol treatment since the early phase of the disease (+7.4% 
and +34.8% than arthritic rats, respectively). Celastrol early-treated rats also 
showed a significant reduction in bone stiffness (Fig 4G) in comparison to arthritic 
rats and celastrol late-treated rats (-7.5%, p=0.0177 and -17.8%, p=0.0016, 
respectively). However, no difference was observed between healthy controls and 







Fig. 4 - Celastrol ameliorates bone mechanical properties in arthritic rats. Maximal load (A), 
Maximal deformation (B), Total absorbed energy (C), Yield displacement (D), Yield load (E), Elastic 
energy (F) and Stiffness (G) parameters were obtained by 3-point bending. Celastrol early-treated 
rats have higher levels of yield point displacement and maximum load comparing with untreated 
arthritic rats. Femurs were collected after 22 days of disease induction. Data are expressed as 
median with interquartile range. Differences were considered statistically significant for p-
values<0.05, according to the Mann–Whitney tests. H – Healthy, A – Arthritic, E – Celastrol early-
treated, L – Celastrol late-treated. Healthy N=13, Arthritic N=10, Celastrol early-treated N=15 and 




In this study the AIA rat model was used to assess the bone protective properties 
of celastrol in vivo. Here we demonstrated that celastrol treatment exerts a 
therapeutic effect on arthritic joint damage, with an efficacy not only limited to anti-
inflammatory properties [11, 12], but also with a substantial inhibition of cartilage 
and focal bone destruction and reduction of systemic bone degradation, translated 
by the preservation of its structure and strength in arthritic animals early treated 
with celastrol. 
In the present work, we have shown that celastrol decreases the number of joint 
tissue osteoclasts and osteoblasts. Several cell populations residing in the 
inflamed synovial membrane provide signals that stimulate osteoclast formation 
and facilitate bone resorption. We have previously shown that celastrol 
significantly reduces the number of synovial B and T-cells as well as fibroblasts 
and macrophages [12]. Macrophages do not only mediate synovial inflammation, 




previously shown that celastrol inhibits NF-kB activation in vitro [11]. NF-kB 
activation is also crucial for osteoclast formation and function, and is upstream 
activated by the engagement of RANKL with RANK. Recent in vitro findings 
showed that celastrol inhibits the recruitment of TGFβ-activated kinase (TAK)1, an 
upstream receptor-associated factor of IκB kinase (IKK), to RANK and TNF 
receptors[24], inhibiting both RANKL-induced NF-kB activation and the osteoblast-
related ERK signaling [25]. Work from the Moudgil laboratory has shown, in vitro, 
that celastrol reduces other osteoclastic mediators besides RANKL, such as 
granulocyte-macrophage colony-stimulating factor (GM-CSF), insulin-like growth 
factor (IGF) and osteopontin (OPN), suggesting a shift in bone remodeling in favor 
of an anti-osteoclastic activity [17]. Finally, also in line with our data, it has been 
reported in bone metastasis and ovariectomy-induced bone loss models that 
celastrol reduces osteoclast numbers and bone loss and preserves its trabecular 
architecture, together with an inhibitory effect on osteoblasts viability and function 
[25, 26]. Likewise, the gold standard and first-line drug in RA, methotrexate, also 
slows down articular damage in RA patients by inhibiting osteoclastogenesis [27] 
together with a reduction in osteoblasts proliferation [28]. 
The reduction in osteoclast and osteoblast numbers is consistent with the 
reduction in serum levels of TRACP-5b and P1NP observed in arthritic rats treated 
with celastrol, suggesting a reduction in the accelerated bone turnover induced by 
arthritis. 
We have also quantified serum CTX-II. This is a major component of articular 
cartilage [29] with a significant correlation between serum levels and the severity 
of cartilage damage [30,31]. Celastrol treatment reduced serum CTX-II 
concentration, suggesting a chondroprotective effect, which was confirmed by 
histological observations. This protective effect on cartilage could be explained by 
the inhibition of heat shock protein 90β and of NF-kB activation [32], combined 
with the control of inflammation. 
Trabecular bone microarchitecture is an important feature of bone quality [33]. 
Micro-CT analysis revealed arthritis-induced reduction of trabecular bone volume 
fraction and trabecular number as well as increase in trabecular separation and in 
the occurrence of rod-like shape trabeculae. All these are associated with 




these trabecular bone parameters and mitigated bone loss. Consistent with this, 
our results showed that celastrol administration prevented the loss of bone 
mechanical compliance of femurs in arthritic rats by increasing maximum load and 
yield displacement. In addition, celastrol treated arthritic animals also showed 
positive effects on cortical bone morphology, which is a major factor defining the 
mechanical properties of bone. In fact, celastrol-treated rats had decreased 
cortical porosity and increased endosteal bone quantity. Overall, these results 
suggest that early celastrol treatment could prevent bone fragility in RA patients.  
Despite celastrol efficacy there are still some differences between treated and 
healthy phenotypes, therefore it is reasonable to speculate that the extent of bone 
protection could be even further improved by optimized doses of celastrol or by 
augmenting treatment duration, which is not possible when using the AIA model.  
In conclusion, celastrol significantly halted cartilage and bone joint resorption and 
preserved systemic bone structure and strength, and thus may serve as a useful 
therapeutic agent for the treatment of inflammation-induced bone damage. 
Moreover, our study also suggests that an early treatment initiation is crucial to 




1. Celastrol preserves articular joint structures in AIA rats. 
2. Celastrol reduces serum TRACP-5b, P1NP and CTX-II in AIA rats. 
3. Celastrol prevents inflammation-induced focal and systemic bone damage, 
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Rheumatoid arthritis (RA) causes immune mediated local and systemic bone 
damage. Objectives - The main goal of this work was to analyze, how treatment 
intervention with tofacitinib prevents the early disturbances on bone structure and 
mechanics in adjuvant induced arthritis rat model. This is the first study to access 
the impact of tofacitinib on the systemic bone effects of inflammation. Methods - 
Fifty Wistar adjuvant-induced arthritis (AIA) rats were randomly housed in 
experimental groups, as follows: non-arthritic healthy group (N=20), arthritic non-
treated (N=20) and 10 animals under tofacitinib treatment. Rats were monitored 
during 22 days after disease induction for the inflammatory score, ankle perimeter 
and body weight. Healthy non-arthritic rats were used as controls for comparison. 
After 22 days of disease progression rats were sacrificed and bone samples were 
collected for histology, micro-CT, 3-point bending and nanoindentation analysis. 
Blood samples were also collected for bone turnover markers and systemic 
cytokine quantification. Results - At tissue level, measured by nanoindentation, 
tofacitinib increased bone cortical and trabecular hardness. However, micro-CT 
and 3-point bending tests revealed that tofacitinib did not revert the effects of 
arthritis on cortical and trabecular bone structure and on mechanical properties. 
Conclusion - Possible reasons for these observations might be related with the 
mechanism of action of tofacitinib, which leads to direct interactions with bone 









Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease, 
which affects around 1% of the world-population [1]. It causes joint and systemic 
inflammation that is reflected in local and systemic bone damage [2]. In fact, as RA 
progresses there is marked bone destruction, with radiological evidence of bone 
erosion within 2 years of disease onset [3]. In addition, osteoporosis is a common 
finding in patients with RA [4]. This is responsible for increased rates of vertebral 
and hip fractures in these patients [5, 6]. RA is associated with an increased 
expression of the receptor activator of nuclear factor kappa–B ligand (RANKL) and 
low levels of its antagonist, osteoprotegerin (OPG) [7]. RANKL is a crucial 
activator of osteoclastogenesis [8]. In addition, RA serum and synovial fluid 
present an inflammatory cytokine profile, including interleukin (IL) 1β, IL6, IL17 and 
tumor necrosis factor (TNF), which further favors osteoclast differentiation and 
activation since the early phase of the disease [9-11]. Evidence suggests that 
bone remodeling imbalance in RA contribute not only to local bone erosions but 
also to the development of systemic osteoporosis [12]. 
We have previously found in the adjuvant-induced arthritis (AIA) rat model that 22 
days of inflammatory disease progression directly led to the degradation of bone 
biomechanical properties, namely stiffness, ductility and bone strength, which was 
paralleled by a high collagen bone turnover [13]. 
Tofacitinib is a selective inhibitor of janus kinase 1 (JAK1) and janus kinase 3 (JAK 
3), thus interfering with the dimerization of signal transducer and activator of 
transcription (STAT) molecules, blocking the activation of gene transcription that is 
dependent on the JAK-STAT signaling pathway [14-16]. The main goal of this 
work was to analyze, if treatment intervention with tofacitinib in the AIA rat model 










MATERIALS AND METHODS 
 
Animal experimental design 
 
Fifty 8 week-old female Wistar AIA Han rats weighing approximately 200-220gr 
were housed in European type II standard filter top cages (Tecniplast, Buguggiate, 
Italy) and transferred into the SPF animal facility at the Instituto de Medicina 
Molecular, Faculdade de Medicina, Universidade de Lisboa, under a 14h light/10h 
dark light cycle, acclimatized to T= 20-22ºC and RH= 50-60%. They were given 
access to autoclaved rodent breeder chow (Special Diet Service, RM3) and triple 
filtered water. AIA rats were purchased from Charles River laboratories 
international (Barcelona, Spain) and they were delivered at Instituto de Medicina 
Molecular after three days of disease induction. 
Upon arrival, animals were randomly housed in groups, individually identified and 
cages were labelled according to the experimental groups, as follows: non-arthritic 
healthy group (N=20), arthritic treated with tofacitinib (10mg/kg/day orally) (N=10) 
and arthritic non-treated (N=20). Tofacitinib administration was started 4 days after 
disease induction, when animals already presented clinical signs of arthritis. The 
inflammatory score, ankle perimeter and body weight were measured during the 
period of treatment. Inflammatory signs were evaluated by counting the score of 
each joint in a scale of 0 – 3 (0 – absence; 1 – erythema; 2 – erythema and 
swelling; 3 – deformities and functional impairment). The total score of each 
animal was defined as the sum of the partial scores of each affected joint. Rats 
were sacrificed 22 days post disease induction and blood, paws and bone 
samples were collected. All experiments were approved by the Animal User and 
Ethical Committees at the Instituto de Medicina Molecular (Lisbon University), 
according to the Portuguese law and the European recommendations. 
 
Histological evaluation of hind paws 
 
Left hind paw samples collected at the time of sacrifice were fixed immediately in 
10% neutral buffered formalin solution and then decalcified in 10% formic acid. 




thickness of 5 μm. Sections were stained with hematoxylin and eosin for 
histopathological evaluation of structural changes and cellular infiltration. This 
evaluation was performed in a blind fashion using 5 semi-quantitative scores: 
 
• Sublining layer infiltration score (0—none to diffuse infiltration; 1—lymphoid cell 
aggregate; 2—lymphoid follicles; 3—lymphoid follicles with germinal center 
formation); 
• Lining layer cell number score (0—fewer than three layers; 1—three to four 
layers; 2—five to six layers; 3—more than six layers); 
• Bone erosion score (0—no erosions; 1—minimal; 2—mild; 3—moderate; 4—
severe); 
• Cartilage surface (0 –normal; 1 – irregular; 2 – clefts; 3 – clefts to bone);  
• Global severity score (0—no signs of inflammation; 1—mild; 2—moderate; 3—
severe) [17] 
 
Images were acquired using a Leica DM2500 (Leica Microsystems, Wetzlar, 
Germany) microscope equipped with a color camera. 
 
Bone remodeling markers quantification 
 
Serum samples were collected at sacrifice and stored at -80°C. Bone remodeling 
markers, CTX-I and P1NP, were quantified by Serum Rat Laps ELISA assay 
(Immunodiagnostic Systems Ltd, Boldon, UK). 
Proinflammatory cytokines IL-1β, IL-6 (Boster Bio, California, USA), IL-17, OPG, 
RANKL (Sunred Biological Technology, Shanghai, China) and TNF (RayBiotech, 
Georgia, USA) were quantified in serum samples using specific rat ELISA kits. 
Both kits were used following strictly provider's recommendations.  
For all biomarkers standard curves were generated by using reference biomarker 
concentrations supplied by the manufacturers. Samples were analyzed using a 







Micro-computed tomography (micro-CT) analysis 
 
Structural properties of the trabecular and cortical tibiae were determined with a 
high-resolution micro-CT system (SkyScan 1272, Bruker microCT, Kontich, 
Belgium). Moist bones were wrapped in parafilm and covered with dental wax to 
prevent drying and movement during the scanning. X-ray tube was set to 50kV 
and beam was filtered with 0.5mm Aluminum filter. Sample position and camera 
settings were tuned to provide 3.0µm isotropic pixel size and projection images 
were collected every 0.2°. Tissue mineral density values were calibrated against 
hydroxyapatite phantoms with densities of 250mg/cm3 and 750mg/cm3. 
Reconstructions were done with NRecon (v 1.6.9.8; Bruker microCT, Kontich, 
Belgium) where appropriate corrections to reduce beam hardening and ring 
artefacts were applied. Bone was segmented in slices of 3µm thickness. After 200 
slices from growth plate, we selected and analyzed1400 slices of trabecular bone. 
For cortical bone, 300 slices (1800 slices from growth plate) were analyzed.  
Analyzes were performed in agreement with guidelines for assessment of bone 
microstructure in rodents using micro-computed tomography [18]. Trabecular bone 
morphology was analyzed by applying global threshold and despeckle to provide 
binary image for 3D analysis. For cortical bone ROI was refined with ROI-shrink 
wrap operation. This was followed by segmentation of blood vessels using 
adaptive thresholding. Blood vessels and porosity were analyzed using 3D 
morphological analyzes. 
 
Bone mechanical tests 
 
Femurs were subjected to a 3-point bending test using a universal materials 
testing machine (Instron 3366, Instron Corp., Massachusetts, USA). Femurs were 
placed horizontally anterior side upwards on a support with span length of 5mm. 
The load was applied with a constant speed of 0.005mm/s until failure occurred. 
Stiffness was analyzed by fitting first-degree polynomial function to the linear part 
of recorded load deformation data. A displacement of 0.15μm between fitted slope 




point was defined as set where force reached maximal value. Force, deformation 




Nanoindentation was performed using a CSM-Nano Hardness Tester System 
(CSM Instruments SA; Switzerland; Indentation v.3.83) equipped with a Berkovich 
based pyramid diamond tip. After micro-CT, 0.5mm of top tibia was cut and 
proximal part was embedded to low viscosity epoxy resin (EpoThin, Buehler, 
Knorring Oy Ab, Helsinki, Finland). Slow speed diamond saw was used to remove 
10% of bone length. The sample surface was polished using silicon carbide 
sandpaper with a decreasing grid size (800, 1200, 2400 and 4800) and finished 
with cloth with containing 0.05 μm γ-alumina particles. Indentation protocol was 
adopted from previous work and on average 8 indentations were done on both 
cortical and trabecular bone with a quasi-static (CSM called ‘advanced’) loading 
protocol [19]. All indentations were performed under an optical microscope to 
achieve the precise location of indentations at the center of the targeted area in 
the tissue [20]. 
In the ‘advanced’ protocol, a trapezoidal loading waveform was applied with a 
loading/unloading rate of 20mN/min and with an intermediate load-hold-phase 
lasting 30s hold at a maximum load 10 mN. The hardness (HIT), indentation 
modulus (EIT), indentation creep (CIT) and elastic part of indentation work (ηIT) 
were measured by using the Oliver and Pharr (1992) method [21]. 
Histological images of rat tibiae from diaphyseal cortical region were acquired 
during the nanoindentation technique, using a CSM instruments (Switzerland) 
microscope equipped with a color camera.  
A histologic score was applied in order to evaluate the lamellar structures of bone 
tissue. This evaluation was performed in a blind fashion using a semi-quantitative 
score: 
• Lamellar bone structure: (1- predominantly parallel-lamella; 2 - concentric 





The ratio of osteocyte lacuna area / total tissue area was also evaluated at x200 
magnification in order to analyze the percentage of total tissue area occupied by 
osteocyte lacunae. The method of acquisition and analysis used was the same 
applied for the evaluation of bone volume / tissue volume in histomorphometry 
technique [13]. All variables were expressed and calculated according to the 
recommendations of the American Society for Bone and Mineral Research [22], 




Statistical differences were determined with Mann–Whitney tests using GraphPad 
Prism (GraphPad, California, USA). Correlation analysis was performed with the 





Tofacitinib effectively reduced inflammation in the AIA rat model of arthritis 
Results showed that 10mg/kg/day of tofacitinib effectively controlled and 
abrogated disease development in comparison with untreated arthritic rats (fig.1A). 
Moreover, untreated arthritic animals sharply increased the ankle perimeter 
throughout disease progression (fig.1B). Rats under tofacitinib treatment 





Fig. 1 – Inflammatory score and ankle perimeter. (A) Inflammatory score - Tofacitinib group was 
compared with the vehicle group (arthritic). Results showed statistical differences throughout time 
since day 10 p= 0.0071 up to day 22 p= 0.0058. (B) Ankle perimeter. Tofacitinib group was 
compared with the vehicle group (arthritic). Results showed statistical differences throughout time 
since day 11 p= 0.0057 up to day 21 p= 0.0056. Statistical differences were determined with non-
parametric Mann Whitney test using GraphPad Prism (GraphPad, California, USA). Differences 
were considered statistically significant for p values ≤ 0.05. Healthy N=20, Arthritic N=20, 
Tofacitinib N=10.  
 
Tofacitinib abrogated local joint inflammation and local bone and cartilage 
damage in AIA rats 
 
To evaluate the effect of tofacitinib treatment in the preservation of joint structure 
and periarticular bone, paw sections stained with haematoxylin and eosin were 
performed (illustrative images can be observed in Fig 2A). The histological 




Sublining layer infiltration (B) and the number of lining layer cells (C) were lower in 
the tofacitinib group when compared with the untreated arthritic group at the end of 
the study (p<0.0001). Tofacitinib was also effective in preventing joint bone 
erosions (D) and cartilage damage (E) (p<0.0001 and p=0.0001 tofacitinib group 
vs. arthritic rats, respectively). 
Thus, these data reveals that tofacitinib was able to significantly diminish 
inflammation and local bone damage (Fig. 2F, p<0.0001 tofacitinib group vs. 
arthritic rats). 
 
Fig. 2 – (A) Histological images of joints after tofacitinib treatment. These patterns are merely 
illustrative of the type of histological features observed. Black arrow indicates the 
absence/presence of ankle swelling in rat hind paws. C–calcaneus, E–edema or erosion, S–
synovia, Tb–tibia, Ts–tarso. Magnification of 50X. Bar: 100 μm. Tofacitinib suppressed 
inflammation and tissue damage locally in the joints of AIA rats. A semi-quantitative evaluation of 
histological sections was performed. Notice that tofacitinib inhibited cellular infiltration (B), 
completely reversed the number of lining layer cells to the normal values (C) and prevented bone 
erosion occurrence (D), allowing for a normal cartilage (E) and joint structure, comparable to 
healthy rats (F). Data are expressed as median with interquartile range. Differences were 
considered statistically significant for p-values<0.05, according to Mann Whitney test. Healthy 






Tofacitinib reduced bone turnover  
 
We have observed that both CTX-I (Fig. 3A) and P1NP (Fig. 3B) were significantly 
increased in the arthritic group in comparison with the healthy control animals 
(p<0.0001 and p = 0.0015, respectively), revealing an increase of bone turnover in 
the arthritic group. The tofacitinib group showed decreased values for CTX-I (p= 
0.0002) and P1NP (p= 0.0018) when compared with the arthritic group, suggesting 
a decreased bone turnover (Fig.3). 
RANKL levels were decreased in the serum of tofacitinib-treated rats in 
comparison with healthy control and untreated arthritic rats (p= 0.0083 and p= 
0.0141, respectively), as observed in Fig 3C. OPG levels were also reduced in 
tofacitinib group in comparison with healthy control and untreated arthritic rats (p= 
0.0031 and p= 0.0002, respectively) (Fig. 3D). No differences were observed in 
RANKL/OPG ratio between tofacitinib and arthritic untreated group. The tofacitinib 
group showed an increased RANKL/OPG ratio when compared to healthy control 
group (p= 0.0370 Fig. 3E). 
We have also quantified the circulating concentration of IL-1β, IL-6 and TNF, but 
no differences were found when comparing arthritic rats with animals treated with 
tofacitinib (Fig. 3F, 3G and 3H). However, there was a slight tendency for IL-6 to 
be diminished in the tofacitinib group when compared with untreated arthritic 
animals. 
Tofacitinib administration significantly reduced the levels of IL-17 detected in 
peripheral blood, (p<0.0001, tofacitinib group vs. untreated arthritic rats after 22 





Fig. 3 - Bone turnover markers and systemic cytokines quantifications. Serum samples collected at 
day 22 (sacrifice) were analyzed by ELISA technique. Bone resorption marker, CTX-I (A) and bone 
formation marker, P1NP (B) were increased in arthritic rats (p<0.0001 and p = 0.0015, 
respectively). Tofacitinib group showed decreased values for CTX-I (p= 0.0002) and P1NP (p= 
0.0018). RANKL (C) and OPG (D) were diminished in tofacitinib treated rats (p= 0.0002 and p= 
0.0141, respectively). RANKL/OPG ratio (E) showed higher values when compared to healthy 
group (p= 0.0370).  
 
Tofacitinib, in this animal model, did not affect circulating levels of IL-1 β (F) and 
TNF (H). Results have also demonstrated a significant decrease in the serum 
quantification of IL-17 (I) (p<0.0001) and a tendency towards a decrease of IL-6 
(G). IL-1, TNF and IL-17 were normalized. Differences were considered 
statistically significant for p-values<0.05, according to the Mann Whitney tests. 




The effect of tofacitinib on inflammation-induced bone loss was assessed by 
micro-CT of cortical (Fig 4 A-C) and trabecular (Fig 4 D - I) bone tibia. Arthritic rats 




treatment did not restore these cortical changes (p<0.0001 vs healthy controls, 
respectively). These bone changes affected the ability of bone’s torsion as showed 
by decreased values of polar moment of inertia (C) in arthritic and tofacitinib group 
(p=0.0059 and p=0.0197 vs healthy controls, respectively). Trabecular bone also 
presented dramatic deterioration with arthritis as evidenced by a reduced 
trabecular bone volume fraction (D) (p=0.0007 and p<0.0001 vs healthy controls, 
respectively), thickness (E) and number (F) (p<0.0001 vs healthy controls) and 
also by an increased trabecular separation (G) (p<0.0001 in arthritic group and 
p=0.0002 in tofacitinib group vs healthy controls) and porosity (H) (p<0.0001 vs 
healthy controls). Furthermore, structure model index (I) showed declined values 
in arthritic and tofacitinib group (p<0.0001vs healthy controls, respectively) 
indicating that trabeculae shape was rather rod-like compared to plate-like shape 
in healthy controls.  
Tofacitinib could not rescue trabecular bone integrity and trabecular bone 






Fig. 4 – Micro-computed tomography (micro-CT) analysis of tibiae rat sample. 
The arthritic and tofacitinib groups showed decreased values for cortical crossectional bone area 
(A), thickness (B) and polar moment of inertia (C) when compared to healthy controls. Trabecular 
bone also showed lower values of ratio bone volume/tissue volume (D), trabecular thickness (E) 
and number (F) in comparison with healthy controls. Arthritic and tofacitinib rats demonstrated 
higher values of trabecular separation (G) and porosity (H) when compared to healthy controls. 
Structural model index showed decreased values in arthritic and tofacitinib rats in comparison to 
healthy rats. MicroCT images from healthy, arthritic untreated and tofacitinib tibiae rats (J). Images 
acquired with SkyScan 1272, Bruker microCT, Kontich, Belgium. Differences were considered 
statistically significant for p-values<0.05, according to the Mann–Whitney tests. Healthy N=20, 









Tissue-level mechanical properties of rat femurs were evaluated using 3-point 
bending mechanical test at the end of the experiment. As shown in Fig. 5, arthritic 
rats revealed decreased mechanical properties at yield point, namely 
displacement (p=0.0192 vs healthy controls, Fig 5A), strength (p=0.0229 vs 
healthy control, Fig 5B) and pre yield energy (elastic energy) (p=0.0161 vs healthy 
controls, Fig 5C). These results showed that arthritic bones started to accumulate 
micro fractures with smaller deformations and lower loads, leading to a decreased 
energy absorption capability at yield point. Tofacitinib treated rats showed a 
significant decreased displacement (p=0.0039 vs healthy controls, Fig 5D) and 
elastic properties (p=0.0443 vs healthy controls, Fig 5E) at fracture point, meaning 
that there was a lower deformation (related to decreased elastic properties) during 
the plastic phase, before the total fracture of bone. Results also demonstrated that 
arthritic and tofacitinib rats had decreased maximum load (p= 0.0017 vs healthy 
controls, Fig 5F). Finally, arthritic rats and the tofacitinib treated group showed a 
significant decrease in toughness (p=0.0143 and p=0.0048 vs healthy controls, 
respectively, Fig 5G), demonstrating that arthritic and tofacitinib-treated bone 
could absorb less energy before fracturing. 
Altogether, mechanical data revealed that arthritic and tofacitinib groups had 
significantly lower mechanical properties as compared to healthy controls, 
meaning that tofacitinib was unable to abrogate the structural deterioration during 







Fig. 5 – Bone mechanical properties assessed by three-point bending tests in rat femur at 22 days 
post disease induction. 
Results showed that arthritic rats have decreased properties at yield point, related to displacement 
(A), strength (B) and pre yield energy (elastic energy) (C). Tofacitinib treated rats had a significant 
decrease in displacement (D) and elastic properties (E) at fracture point. Arthritic and tofacitinib 
treated bones required a lower maximum load (F) to fracture and a decreased toughness (G) was 
observed. Differences were considered statistically significant for p-values<0.05, according to the 
Mann–Whitney tests. Healthy N=20, Arthritic N=20, Tofacitinib N=10. 
 
Tofacitinib increased bone hardness 
 
Nanoindentation was performed in order to assess the quality at tissue matrix level 
and this technique can be used at the level of a single trabecula or within a 
confined submicron area of the cortical bone tissue. 
Nano-mechanical tests revealed that arthritic rats had decreased hardness in 
cortical (Fig. 6A) and trabecular bone (Fig. 6B) (p= 0.0010 and p= 0.0080 in 
arthritic rats vs healthy controls, respectively). In contrast, rats treated with 
tofacitinib showed restored hardness in cortical bone (Fig. 6A) and increased 




arthritic rats, respectively). No differences were observed in the other parameters 
analyzed. 
Topographic images gathered during nanoindentation allowed the characterization 
of bone histologic features from healthy animals, arthritic untreated animals and 
tofacitinib treated animals after 22 days of disease induction.  
Concentric lamellas were identified in secondary osteons (SO) and more 
frequently observed in arthritic animals (Fig.6 F) than in healthy controls (p= 
0.0022) and tofacitinib treated animals (p= 0.0043) (Fig. 6C). On the contrary, 
healthy animals (Fig. 6 E) and tofacitinib treated animals (Fig. 6 G) presented 
more parallel-lamellae (PL) structures than concentric lamellas.  
In addition, arthritic animals showed an increased area occupied by osteocyte 
lacunae in the total tissue when compared to healthy animals and tofacitinib 





Fig. 6 – Bone mechanical properties assessed by nanoindentation in rat femur at 22 days post 
disease induction and respective topographic images from the indentation tissue area. Nano-
mechanical tests revealed a decreased cortical (A) and trabecular (B) hardness in arthritic group at 
day 22 when compared to healthy rats. Of notice, rats treated with tofacitinib showed increased 
hardness in cortical (A) and trabecular (B) bone in comparison with untreated arthritic rats. Results 
demonstrated that the number of concentric lamellae (C) and ratio of area occupied by osteocyte 
lacunae in the total tissue (D) were higher when compared to healthy controls and tofacitinib 
treated groups at day 22. 
Images are merely illustrative of the type of histological features observed. Concentric lamellas 
were identified in secondary osteons (SO), characteristic from arthritic animals (F). On the contrary, 
parallel-lamellae (PL) were identified in healthy controls (E) and tofacitinib treated groups (G). Os – 
Osteocytes, SO – Secondary osteons, PL – Parallel-lamellae, CL – Concentric lamellas. 
Magnification 20X. Differences were considered statistically significant for p-values<0.05, 





In this study, we used the AIA rat model to evaluate the efficacy of tofacitinib to 
treat inflammation as well as inflammation-induced bone damage. Tofacitinib 
showed significantly reduced arthritis manifestations, synovial tissue inflammation 
and bone erosions, which was associated with lower serum RANKL and OPG 
levels. These results are in line with previous observations [23]. 
The effects of tofacitinib on pro-inflammatory cytokines production were assessed 
through serum quantification of IL-1β, IL-6, IL-17 and TNF. Our study depicted 
decreased levels of IL-17 in AIA rats under tofacitinib treatment in comparison with 
untreated arthritic animals. In addition, we have observed a tendency towards a 
decrease in serum IL-6 concentration in tofacitinib treated rats. These 
observations are expected by tofacitinib inhibition of the JAK and STAT3 pathways 
[15, 24-26]. Tofacitinib did not affect circulating levels of TNF or IL-1β comparing 
with untreated arthritic rats, but this might be related to the relatively low circulating 
levels of these cytokines in this animal model [23]. 
Biochemical markers of bone turnover were quantified in order to evaluate the 
impact of tofacitinib on bone metabolism. A reduced bone turnover was shown in 




At tissue level, measured by nanoindentation, tofacitinib increased bone cortical 
and trabecular hardness. On the contrary, arthritic animals showed decreased 
values of hardness after 22 days post disease induction. We also observed at day 
11 and 22 post arthritis induction concentric lamellas in secondary osteons (SO) 
microstructures resulting from high bone remodeling, as previously described [13, 
27, 28]. Dall’Ara et al. suggested that larger numbers of this younger, less 
mineralized and less hard structures, could be related to reduced hardness of 
bone tissue identified by nanoindentation. On the contrary, healthy and tofacitinib 
treated animals presented more parallel-lamellae (PL) structures than concentric 
lamellas in SO structures and this PL structures are 10% more harder than the 
former, representing the mature bone structure (and normal bone remodeling) 
[28]. In addition, arthritic animals had an increased area occupied by osteocyte 
lacunae in total tissue. Tofacitinib treated animals, on the contrary, had a normal 
number of osteocytes lacunae and of the lacunae area per tissue volume. 
Osteocytes are responsible for the maintenance of the bone homeostasis, 
regulating the behavior of osteoblasts and osteoclasts by communicating through 
gap junctions [29]. Although no previous data is available in the context of arthritis 
some studies revealed that osteocytes from osteoarthritis patients have an 
irregular morphology, with limited ability to reply to mechanical stimuli, leading to 
significant changes in the structure and mineral density [30]. Despite being still 
unclear, this apparent change of osteocyte morphology in arthritic bone might 
contribute to the nanomechanical changes observed in this context. 
 
Micro-CT and 3-point bending tests revealed that tofacitinib did not revert the 
effects of arthritis on cortical and trabecular bone structure and mechanical 
properties. There are several possible explanations for these observations. Using 
this same animal model we were able to revert the structural and mechanical 
damage induced by arthritis using an experimental compound [17]. However, the 
kinetics of the effects of tofacitinib might be different, needing more exposure time 
to have an impact on bone quality. The effect at a tissue level might be an early 
sign of its delayed impact on bone. Of interest, an increase in hardness is 
associated with a decrease in the relative ratio of elastic-to-plastic behavior of the 




mechanical properties. Another explanation might be related with the mechanism 
of action. Tofacitinib targets JAK1 and 3, downregulating STAT 1 and 3 of the 
JAK-STAT signaling pathway [15, 16, 23], and these intracellular molecules have 
complex interactions with bone. JAK1 is expressed in bone cells and is involved in 
bone formation. The depletion of JAK1 promotes bone growth delays, suggesting 
that JAK1 is critical for skeletal development. On the other hand, STAT1 inhibits 
Runx2 transcription in osteoblasts, the master transcription factor of osteoblast 
differentiation. Thus, STAT1 is an inhibitor of differentiation of osteoblasts and the 
inactivation of STAT1 leads to an osteopetrotic bone phenotype [31]. Consistent 
with the higher bone mass in STAT1-deficient mice, inactivation of STAT1 can 
accelerate fracture repair [32]. These data suggest that STAT1 negatively 
regulates bone formation in vivo [33]. On the contrary, JAK-STAT3 signal 
transduction pathway promotes osteoblast differentiation [33]. Inactivation of 
STAT3 in osteoblasts leads to lower bone mass due to inhibition of bone 
formation. In humans, STAT3 mutations reduce bone mass and increase 
incidence of minimal trauma fractures. Clinical studies indicate that STAT3 
mutations increase osteoclast number and bone resorption, and are associated 
with recurrent fractures.  
It is conceivable that these types of molecular interactions with bone have an 
overall effect that might not be totally compensated by the benefits on bone 
obtained by the control of inflammation. To fully clarify these open questions it will 
be relevant to test several doses of tofacitinib in longer duration arthritis models 




• Tofacitinib was able to control and suppress inflammatory activity in an AIA 
rat model of arthritis. 
• Tofacitinib was not able to revert structural and mechanical bone changes 
promoted by inflammation. 
• JAK-STAT pathway inhibition downregulates several targets which may not 
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In this thesis we have shown that very early in the arthritis course bone tissue 
changes occur, with implications for nano and micro structural and mechanical 
properties. We have also demonstrated that early intervention with compounds 
that control inflammation and interfere with bone metabolism can abrogate arthritic 
nano and micro bone damage. 
All observations were obtained in the most widely used arthritis animal model AIA 
[246,247] for research and drug development in the field of RA [248-256]. Overall, 
this arthritic model has been the most widely used by the pharmaceutical industry 
to test both activity and toxicity of new compounds [254]. Moreover, this arthritic 
model share key features with human RA [246,247], such as peripheral, 
symmetrical and destructive joint inflammation with synovial hyperplasia due to 
inflammatory cell infiltration, homing of macrophages, increased levels of synovial 
cytokines such as IL-1β, IL-6 and TNF and marginal erosions. In addition, this 
model is genetically regulated by MHC and non-MHC genes and is responsive to 
most therapies that are effective in RA [257]. However, some fundamental aspects  
of human RA are not replicated in this AIA rat model, such as the presence of RF 
and synovial lymphoid follicles [257]. The AIA rat model, when compared with 
other models of arthritis, such as CIA model, clearly exhibits the greatest 
magnitude of disease, as evaluated by edema, immune cell infiltration, cartilage 
and bone markers and cytokine levels [258].  
In the AIA model the initial acute inflammation is observed around day 3 post 
disease induction with a swelling of the induced joint and disease progresses up to 
day 19 [69,258].  We have shown that the sublining layer infiltration, the number of 
lining layer cells, bone erosions and cartilage surface damage are present at least 
since day 11 post disease induction. Moreover, we depicted that IL-6 levels, 
increased around day 11 after disease induction, paralleling what actually happens 
in RA patients, where IL-6 is also increased in serum since the early stages of 
arthritis [259]. Of interest, increased levels of IL-6 promote osteoclastogenesis, 
which may interfere with bone remodeling [260]. Indeed, AIA animals showed an 




the early stages of arthritis. This observation is consistent with previously 
published data showing the presence of large a number of osteoclasts in the AIA 
bone [261]. Studies on RA patients measuring P1NP have produced varying 
results, whereas measurements of CTX-I mostly showed increased levels [262]. In 
RA patients, bone metabolism is more active (increased P1NP) in earlier stages of 
the disease and a decrease in bone metabolic activity (both P1NP and CTX) 
occurs with disease progression [263].  
Bone histology was consistent with this early onset spur of bone remodeling. In 
fact, arthritic animals at day 11 and 22 post disease induction, showed concentric 
lamellas in secondary osteons (SO), which are the consequence of intense bone 
remodeling [68-70]. On the contrary, healthy animals presented more parallel-
lamellae (PL) structures than SO structures and this PL structures are 10% harder 
than SO, representing the mature bone structure (associated with normal bone 
remodeling) [70]. We have shown that arthritic bone tissue is composed of a larger 
number of younger, less mineralized and less hard structures than healthy bone, 
contributing to the reduced hardness that we have observed by nanoindentation. 
Moreover, an increased area occupied by osteocyte lacunae was detected early 
on in the arthritis process. Osteocytes are responsible for the maintenance of bone 
homeostasis, regulating the behavior of osteoblasts and osteoclasts [264]. 
Although no previous data is available in the context of arthritis some studies 
revealed that osteocytes from osteoarthritis patients have an irregular morphology, 
with limited ability to reply to mechanical stimuli, leading to significant changes in 
the structure and mineral density [265]. Despite being still unclear, this apparent 
change of osteocyte morphology in arthritic bone might contribute to the structural 
and mechanical changes observed in this context. Also, of interest, these 
morphological changes can be linked to increased osteocyte apoptosis, which 
could promote bone necrosis, leading to mineral loss, decreased hardness and 
possibly mechanical weakness.  
Using Fourier transform infrared spectroscopy (FTIR) we demonstrated that 
arthritis induces mineral and collagen loss in trabecular bone since the early phase 
of arthritis development. Accordingly, we demonstrated mineral bone loss in 




Bone nano-mechanical properties were assessed by nanoindentation in order to 
assess the quality of tissue matrix at nano level. This technique allows the analysis 
at the level of a single trabecula or within a confined submicron area of the cortical 
bone tissue. Results showed decreased cortical and trabecular hardness in 
arthritic rats since the early phase of arthritis. At a higher organizational level, 
micro-CT revealed in arthritic animals a lower fraction of cortical crossectional 
bone area and trabecular bone volume with reduced trabecular thickness as well 
as a higher trabecular separation, in comparison with controls. Results also 
demonstrated cortical differences in the polar moment of inertia, suggesting 
mechanical weakness in the arthritic groups since the early phase of arthritis. 
Furthermore, cortical and trabecular porosity was increased in the arthritic groups 
compared to healthy controls. Structure model index also showed increased 
values in arthritic groups at day 11 and 22 post disease induction indicating that 
the shape of trabeculae was rod-like rather than plate-like as observed in healthy 
controls, suggesting a more fragile architecture. We also confirmed these 
observations by classic histomorphometry, which demonstrated a decreased 
structural integrity in arthritic animals [69]. We and others have demonstrated this 
pattern of microarchitectural bone degradation after long standing arthritis [266-
269]. 
Coherent with these structural defects, our results also showed that in very early 
arthritis bone has low mechanical competence, as can be inferred by the decrease 
of all mechanical parameters related with yield point, such as elasticity, strength 
and displacement. Arthritic bones start to accumulate micro fractures with smaller 
deformations and loads, leading to a decreased capacity to absorb energy at yield 
point, promoting disturbances in bone behavior through the decrease of maximum 
load and the absorbed energy before fracture.  
Altogether, these results revealed that inflammation promotes bone nano and 
micro structural disturbances, leading to bone fragility since the early stages of 
arthritis. In addition, we also provided the basis for using the AIA animal model of 
arthritis as an adequate model for studying the impact of inflammation on bone 
and for assessing candidate compounds for the control of arthritis and its 





RA is still a chronic unremitting and progressive disease for most of the affected 
patients, who suffer the structural burden of this condition at the level of joints and 
of skeletal bone. The quest for new RA treatments, more effective at inflammation 
and bone damage control, safer and less expensive continues.  
In a previous study from our group we have used a THP-1 macrophage-like cell 
line to screen 2320 compounds for those that down-regulate both IL-1β and TNF 
secretion. Celastrol was one of the most promising therapeutic candidates 
identified in that study [270]. We demonstrated for the first time that celastrol was 
able to treat AIA rats, possibly through TNF and IL-1β inhibition. This compound 
showed significant anti-inflammatory and anti-proliferative properties, promoting a 
complete suppression of arthritis development and abrogating joint immune 
cellular infiltration and proliferation [270]. 
We have now demonstrated that celastrol was able to reduce the number of 
synovial B and T-cells as well as fibroblasts and CD68 macrophages [271]. CD68 
macrophages are responsible for synovial inflammation and are also critical in 
osteoclast differentiation [272]. Their numbers are correlated with erosions in RA 
patients and are an important biomarker for the evaluation of the possible 
effectiveness of new drugs for RA [273,274]. Additionally, we demonstrated that 
celastrol decreases the number of osteoclasts and osteoblasts present in joint 
tissue [271]. 
We had previously shown that celastrol inhibits NF-kB activation in vitro [270]. NF-
kB activation is crucial for osteoclastogenesis and is upstream activated by the 
engagement of RANKL with RANK. In addition, it has already been shown in vitro 
that celastrol reduces other osteoclastic mediators besides RANKL, such as 
granulocyte-macrophage colony-stimulating factor (GM-CSF), insulin-like growth 
factor (IGF) and osteopontin (OPN), suggesting a shift of bone remodeling in favor 
of an anti-osteoclastic activity [275]. Finally, also in line with our data, it has been 
reported that celastrol reduces osteoclast numbers and bone loss in bone 
metastasis and ovariectomy-induced bone loss models, and preserves trabecular 
architecture [276,277].  
Accordingly, we showed that celastrol protects cartilage and bone from 
inflammation-induced focal damage. In addition, at a systemic level there was a 




treated with celastrol, suggesting a reduction in bone turnover. In addition, micro-
CT analysis showed that celastrol treatment was able to protect bone structure, 
preventing bone loss and mechanical tests depicted a preservation of bone 
mechanical properties. These results suggest that early celastrol treatment can 
prevent bone fragility. Moreover, celastrol therapy showed superior effects if 
administrated in an early phase of arthritis development, which highlights the 
importance of early treatment to limit inflammation-induced bone damage. 
 
We have also used the AIA rat model to evaluate the efficacy of tofacitinib to treat 
inflammation as well as inflammation-induced bone damage. Tofacitinib showed 
significantly reduced arthritis manifestations, synovial tissue inflammation and 
bone erosions, which was associated with lower serum RANKL and OPG levels. 
These results were in line with previous observations, suggesting that the JAK 
inhibitor tofacitinib suppresses osteoclast-mediated structural damage to arthritic 
joints and that this effect is secondary to decreased RANKL production [278]. 
Biochemical markers of bone turnover were also quantified in order to evaluate the 
impact of tofacitinib on bone metabolism. A reduced bone turnover was shown in 
tofacitinib treated animals, as depicted by decreased CTX-I and P1NP levels. 
Accordingly, tofacitinib treated animals presented more parallel-lamellae structures 
and less area occupied by osteocyte lacunae in total tissue than untreated 
animals. At tissue level, measured by nanoindentation, tofacitinib increased bone 
cortical and trabecular hardness. However, micro-CT and 3-point bending tests 
revealed that tofacitinib did not revert the effects of arthritis on cortical and 
trabecular bone structure and mechanical properties.  
There are several possible explanations for these observations. We were able to 
revert the structural and mechanical damage induced by arthritis using celastrol 
[270]. However, the kinetics of the effects of tofacitinib might be different, needing 
a longer exposure time to have an impact on bone quality. On the other hand, the 
increase in hardness is associated with a decrease in the relative ratio of elastic-
to-plastic behavior of the tissue and thus it is unclear if it represents, per se, a true 
improvement in mechanical properties. This is why another explanation for the 
differences between celastrol and tofacitinib micro structural and mechanical 




JAK1 and 3, downregulating STAT 1 and 3 of the JAK-STAT signaling pathway 
[278-280], and these intracellular molecules have complex interactions with bone. 
JAK1 is expressed in bone cells and is involved in bone formation. The depletion 
of JAK1 promotes bone growth delays, suggesting that JAK1 is critical for skeletal 
development. On the other hand, STAT1 inhibits runt-related transcription factor 2 
(Runx2) in osteoblasts, the master transcription factor of osteoblast differentiation. 
Thus, STAT1 is an inhibitor of differentiation of osteoblasts and the inactivation of 
STAT1 leads to an osteopetrotic bone phenotype [281]. Consistent with the higher 
bone mass in STAT1-deficient mice, inactivation of STAT1 can accelerate fracture 
repair [282]. These data suggest that STAT1 negatively regulates bone formation 
in vivo [283]. On the contrary, JAK-STAT3 signal transduction pathway promotes 
osteoblast differentiation and inactivation of STAT3 in osteoblasts leads to lower 
bone mass due to inhibition of bone formation. In humans, STAT3 mutations 
reduce bone mass and increase incidence of minimal trauma fractures [283]. 
Clinical studies indicate that STAT3 mutations increase osteoclast number and 
bone resorption, and are associated with recurrent fractures. It is conceivable that 
these types of molecular interactions with bone have an overall effect that might 
not be totally compensated by the benefits on bone resulting from the control of 
inflammation. To fully clarify these open questions it will be relevant to test several 




















































































We have shown that the impact of inflammation on bone micro and nano 
properties occurs almost immediately, upon first symptoms, and that these effects 
can be prevented by early intervention with drugs that control inflammation and 
interfere with bone metabolism.  
In particular, celastrol was able to abrogate the inflammatory signs in the AIA rat 
model and to significantly preserve bone structure and mechanics, and thus may 
deserve future clarification of its potential to enter phase I clinical trials for the 
treatment of RA.  Tofacitinib was also able to control inflammation, however it did 
not revert the effects of arthritis on cortical and trabecular bone structure and 
mechanical properties. Possible reasons for these observations might be related 
with the mechanism of action of tofacitinib and/or with kinetics of its bone effects 
that might need longer treatment exposure. As tofacitinib is already available for 
clinical use in some countries its possible effects on bone density and quality of 
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We have previously found in the chronic SKGmouse model of arthritis that long standing
(5 and 8 months) inflammation directly leads to high collagen bone turnover, disorganization
of the collagen network, disturbed bonemicrostructure and degradation of bone biomechani-
cal properties. The main goal of the present work was to study the effects of the first days of
the inflammatory process on the microarchitecture and mechanical properties of bone.
Methods
Twenty eight Wistar adjuvant-induced arthritis (AIA) rats were monitored during 22 days
after disease induction for the inflammatory score, ankle perimeter and body weight.
Healthy non-arthritic rats were used as controls for compar-ison. After 22 days of disease
progression rats were sacrificed and bone samples were collected for histomorphometrical,
energy dispersive X-ray spectroscopical analysis and 3-point bending. Blood samples were
also collected for bone turnover markers.
Results
AIA rats had an increased bone turnover (as inferred from increased P1NP and CTX1,
p = 0.0010 and p = 0.0002, respectively) and this was paralleled by a decreased mineral
content (calcium p = 0.0046 and phos-phorus p = 0.0046). Histomorphometry showed
a lower trabecular thickness (p = 0.0002) and bone volume (p = 0.0003) and higher trabecu-
lar sepa-ration (p = 0.0009) in the arthritic group as compared with controls. In addition,
bone mechanical tests showed evidence of fragility as depicted by diminished values of
yield stress and ultimate fracture point (p = 0.0061 and p = 0.0279, re-spectively) in the
arthritic group.
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Conclusions
We have shown in an AIA rat model that arthritis induc-es early bone high turnover, structur-
al degradation, mineral loss and mechanical weak-ness.
Introduction
Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease, which affects
around 1% of the world-population[1]. It causes joint and systemic inflammation that is re-
flected in local and systemic bone damage[2]. Bone is a dynamic tissue composed mainly of
a type I collagen matrix that constitutes the scaffold for calcium hydroxyapatite crystal deposi-
tion. Remodelling of bone is a continuous process by which osteoclasts resorb bone tissue and
osteoblasts produce new bone matrix that is subsequently mineralised. Biochemical markers of
this bone turnover are produced and released into circulation, providing a read-out of kinetics
and the balance between bone loss and formation. More specifically, bone-resorbing osteoclasts
release carboxy-terminal collagen cross-linking telopeptides (CTX-I), a marker for bone degra-
dation, which is produced by cathepsin K that is involved in systemic bone resorption [3].
During bone formation, collagen is synthesized by osteoblasts in the form of procollagen. This
precursor contains a short signal sequence and terminal extension peptides: amino-terminal
propeptide (PINP) and carboxy-terminal propeptide. These propeptide extensions are re-
moved by specific proteinases before the collagen molecules form. PINP can be found in
the circulation and its concentration reflects the synthesis rate of collagen type I, being thus
a marker of bone formation [4]. As RA progresses there is marked articular destruction and
decreased joint mobility with radiological evidence of erosion with significant impact on life
quality within 2 years of disease onset [5]. In addition, osteoporosis is a common finding in
patients with RA [6] and is responsible for increased rates of vertebral and hip fractures in
these patients [7, 8]. RA is associated with an increased expression of the receptor activator of
RANKL (receptor activator of nuclear factor kappa–B ligand, NF-KB ligand) and low levels of
its antagonist, osteoprotegerin (OPG) [9]. In addition, very early on in the disease process,
RA serum and synovial fluid present a cytokine profile, including interleukin (IL) 1, IL6, IL17
and tumour necrosis factor (TNF), which further favours osteoclast differentiation and activa-
tion[10–12]. Evidence suggests that bone remodelling disturbances in RA contribute not only
to local bone erosions but also to the development of systemic osteoporosis [13].
We have previously found in a chronic animal model of arthritis (SKG mouse model) that
prolonged inflammation (5 and 8 months) directly leads to the degradation of bone bio-
mechanical properties, namely stiffness, ductility and bone strength, which was paralleled by
a high collagen bone turnover and disorganization[4, 12, 14, 15]. Based on the fact that most
of the effectors of bone metabolism are engaged in the disease process since the early phase, we
now hypothesise that this process starts upon the first inflammatory manifestations[10–12].
To test this we selected the adjuvant-induced arthritis (AIA) model in rats, characterized
by a rapid onset polyarticular inflammation and widely used for testing new treatments for
arthritis [16–18]. Understanding the systemic inflammatory consequences on bone would
expand the use of this model also for testing new drugs with potential bone therapeutic effects.
The main goal of the present work was to study, in a rat model of AIA, the effects of the first
days of the systemic inflammatory process on the microarchitecture and mechanical properties
of bone.
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Materials and Methods
Animal experimental design
Twenty-eight Wistar AIA rats were purchased from Charles River Laboratories International
(Massachusetts, USA). Eight-week-old females weighing 200–230 g were maintained under
specific pathogen free (SPF) conditions. All experiments were approved by the Animal User
and Ethical Committees of the Instituto de Medicina Molecular, Lisbon University, according
to the Portuguese law and the European recommendations. Animals were sacrificed when pre-
senting an inflammatory score (0–3) of 3 in 2 paws or when presenting 20% of body
weight loss.
Rats were housed per groups (healthy vs arthritic) under standard laboratory conditions
(at 22°C under 12-hour light/12-hour dark conditions). The inflammatory score, ankle
perimeter and body weight were measured during the study period. Inflammatory signs were
evaluated by counting the score of each joint in a scale of 0–3 (0— absence; 1— erythema;
2— erythema and swelling; 3— deformities and functional impairment). The total score of
each animal was defined as the sum of the partial scores of each affected joint [19]. Rats were
sacrificed by CO2narcosis after 22 days of disease evolution and blood as well as bone samples
were collected.
Bone remodelling markers quantification
Serum samples were collected at the time of sacrifice and stored at -80°C. Bone remodelling
markers CTX I (C-terminal telopeptides of type-I collagen) and P1NP (total procollagen type
1 N-terminal propeptide) were quantified by Serum Rat-Laps ELISA assay (Immunodiagnostic
Systems Ltd, Boldon, UK), according to the provider’s instructions.
Bone histomorphometry
The 4th lumbar vertebrae (L4) were collected from each animal at sacrifice for histomorpho-
metric analysis. Samples were fixed immediately in ethanol 70% and then dehydrated with
increasing ethanol concentrations (96% and 100%). Samples were next embedded in methylme-
tacrylate (MMA) solution. Serial transversal sections through L4 were performed with 5-μm-
thick and stained with Aniline Blue in order to distinguish bone and bone marrow, allowing
bone structural analysis. Images were acquired using a Leica DM2500 microscope equipped with
a colour camera Leica CCD Camera (Leica microsystems, Wetzlar, Germany)[20].
All variables were expressed and calculated according to the recommendations of the American
Society for Bone andMineral Research [21], using a morphometric program (Image J 1.46R with
plugin Bone J).
Ratio of trabecular bone volume / total tissue volume, trabecular thickness and trabecular
separation were evaluated by standard histomorphometric parameters at x12.5 magnification.
Energy dispersive X-ray spectroscopy analysis
Energy dispersive X-ray spectroscopy is a sensitive qualitative and semi-quantitative technique
to evaluate the mineral content in bone. The quantitative information is based on the relative
elemental abundance.
Using a standard system, semi-quantitative X-ray fluorescence measurements were
performed in cortical and trabecular bone powder samples, with the purpose of quantifying
calcium and phosphorus concentration.
Arthritis Induces Early Bone Degradation andWeakness
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After excision, fresh femurs were freeze dried for 46 hours, with a multipurpose ice condenser
(ModulyoD-230, Thermo Savant, Schwerte, Germany) operated at a nominal temperature of
-50°C, in order to remove excess of water.
The semi-quantitative measurements of bone powder were performed with a 4 kW com-
mercial wavelength dispersive X-ray fluorescence spectrometer (Bruker S4 Pioneer, Karlsruhe,
Germany), using a Rh X-ray tube with a 75 mm Be end window and a 34 mm diameter colli-
mator mask. Measurements were performed in helium mode and using high-density polyethyl-
ene X-ray fluorescence sample cups with 35.8 mm diameter assembled with a 4 mm prolene
film to support the bone sample. The polyethylene cup was placed in steel sample cup holders
with an opening diameter of 34 mm.
Bone mechanical testing
Bone mechanical properties were evaluated by a three-point bending method using a electro-
mechanical machine (model 5566, Instron Corporation, Canton, USA) using a load-cell of
500N. The femur was placed on a holding device with a support span distance of 5 mm (L),
with the lesser trochanter proximal in contact with the proximal transverse bar. The load was
applied at the mid-shaft of the diaphysis with a cross-head speed of 0.005 mm/s until the
fracture occurred.
The stress-strain curve can be obtained from the load-displacement representation, with the
initial dimensions of the sample, using engineering equations (S1B Fig.).
An example of a stress-strain curve obtained in the three point bending tests is shown in
S1A Fig. The points of the yield stress and ultimate stress are indicated. This stress-strain curve
can be broken down into pre-yield and post-yield portions. Pre-yield toughness represents the
area under the stress/strain curve up to the yield point, which is where permanent deformation
of the bone has occurred while post-yield toughness represents the area under the curve be-
tween the yield point and bone fracture. In these bending tests there is a significant amount of
displacement between the yield point and the eventual fracture[22].
Statistical analysis
Continuous variables were expressed by mean +- standard deviation (SD) or median and
interquartile range. The normality distribution was assessed by D’Agostino and Pearson test.
Statistical differences were determined with parametric t–test or non-parametric Mann Whit-
ney test according variables distribution using GraphPad Prism (GraphPad, California, USA).
Differences were considered statistically significant for p values 0.05.
Results
Inflammatory progress
First, we validated the kinetic of disease development of the AIA rat model. Inflammatory
signs (Fig. 1A) and ankle perimeter (Fig. 1B) were assessed throughout time, as shown in
Fig. 1. All animals from the arthritic group (N = 16) presented arthritis signs by the fourth day
post disease induction.
Statistical differences were determined with non-parametric MannWhitney test using
GraphPad Prism (GraphPad, California, USA). Differences were considered statistically signifi-
cant for p values 0.05.
The initial acute inflammation was observed around day 4 and progressed during 22 days
post disease induction. After 10 days of arthritis induction, the inflammatory manifestations
increased sharply as depicted by an increase in ankle perimeter. Maximal swelling occurred at
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day 19 post disease induction. At day 22 post arthritis induction inflammatory score (Fig. 1C)
and ankle perimeter (Fig. 1D) were significantly increased in the arthritic group (p = 0.0037
and p = 0.0085, respectively) in comparison with healthy control rats.
Bone turnover markers
Bone resorption marker CTX I, which reflects osteoclastic activity, is a degradation product of
type I collagen, the major structural protein of bone. While the bone formation marker P1NP,
a bio product of type I collagen synthesis, is a marker for osteoblastic activity.
We have observed that both CTXI (Fig. 2A) and P1NP (Fig. 2B) were significantly
increased in the arthritic group in comparison with the healthy control animals (p = 0.0002
and p = 0.0010, respectively), revealing an increase of bone turnover in the arthritic group.
Figure 1. Inflammatory score (A) and ankle perimeter (B) throughout time. Inflammatory score (C) (p = 0.0037) and Ankle perimeter (D) (p = 0.0085) in
control (N = 12) and arthritic groups (N = 16) by the time of sacrifice after 22 days post disease induction.
doi:10.1371/journal.pone.0117100.g001
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Histomorphometry of bone
Bone histomorphometry was used to measure bone static parameters such as bone trabecular
volume, trabecular thickness and trabecular separation in order to determine the effects of in-
flammation on bone microstructure (Fig. 3A).
Trabecular bone volume (p = 0.0003) (Fig. 3B) and trabecular thickness (p = 0.0002)
(Fig. 3C) were significantly reduced in arthritic animals comparing with healthy control ani-
mals. Moreover, trabecular separation (p = 0.0009) (Fig. 3D) was significantly increased in the
arthritic group, in comparison with healthy control rats.
Energy dispersive X-ray spectroscopy
Calcium (Ca) and Phosphorus (P) are the most abundant elements present in bone mineral
matrix. In fact, calcium has been reported as the most important nutrient associated with peak
bone mass and may be the only one for which there is epidemiological evidence of a relation to
fracture rate[23].
We used energy dispersive X-ray spectroscopy to quantify the calcium and phosphorus con-
tent in our samples. We have observed that Ca (p = 0.0046) (Fig. 4A) and P (p = 0.0046)
(Fig. 4B) content were decreased in the arthritic group as compared to controls.
Bone mechanics
The three-point-bending biomechanical tests aimed to explore the bone mechanical compe-
tence of both groups 22 days post disease induction. Results showed decreased values of yield
stress (moment of occurrence of first micro fractures) (p = 0.0061) (Fig. 5A) and ultimate stress
(moment of occurrence of complete fracture) (p = 0.0279) (Fig. 5B) in arthritic animals when
compared to the control group.
Discussion
In the present study, we demonstrated in an AIA rat model, that arthritis induces very early
high bone turnover, trabecular degradation, mineral loss and mechanical weakness.
Figure 2. Bone turnover markers quantification in control (N = 9) and arthritic rats (N = 13). Serum samples collected at day 22 (sacrificed) were
analysed by ELISA technique. Bone resorption marker, CTX I (A) and bone formation marker, P1NP (B) were increased in arthritic rats (p = 0.0002 and
p = 0.0010, respectively).
doi:10.1371/journal.pone.0117100.g002
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Figure 3. Bone histomorphometry assessment of the 4th lumbar vertebra (L4). Assessment of L4 in control (N = 12) and arthritic group (N = 16).
(A) Illustrative Aniline blue stained sections of L4 vertebra collected at day 22 post disease induction (sacrifice). Bone volume per tissue volume or trabecular
bone volume fraction (B) and trabecular thickness (C) were decreased in arthritic rats while trabecular separation (D) was increased. Magnification x12.5.
doi:10.1371/journal.pone.0117100.g003
Arthritis Induces Early Bone Degradation andWeakness
PLOS ONE | DOI:10.1371/journal.pone.0117100 January 24, 2015 7 / 10
Biochemical markers of bone turnover were quantified in order to evaluate the impact of
systemic inflammation on bone metabolism. An increased bone turnover activity was shown in
arthritic animals, as depicted by increased CTXI and P1NP levels. This observation was consis-
tent with previously published data showing the presence of a large number of osteoclasts in
AIA bone [17]. Data already published by our group in another animal model of arthritis
(the SKGmice model) have also shown that P1NP levels were increased in arthritic animals
and so did CTX-I levels [4], reflecting an overall increase in bone turnover [24]. Studies on
RA patients measuring P1NP have produced varying results, whereas measurements in CTX-I
mostly show increased levels [25]. In RA patients bone metabolism is more active (increased
P1NP) in earlier stages of the disease and a decrease in bone metabolic activity (both P1NP and
CTX) occurs with disease progression, both showing correlation with tender and swollen joints
[15]. Despite the existing variability, P1NP has been mainly found to be increased in RA patients
Figure 4. Calcium and Phosphorus bone content acquired by energy dispersive X-ray spectroscopy. Ca (A) and P (B) bone content were decreased
in the arthritic group (N = 16) as compared with controls (N = 12). Bone powder was acquired from bone samples collected at day 22 post disease induction
(sacrifice).
doi:10.1371/journal.pone.0117100.g004
Figure 5. Mechanical analysis acquired by 3 point bending tests. Yield stress (A) and Ultimate stress (B) were decreased in arthritic rats (N = 16) as
compared to controls (N = 12). Bone samples were collected at day 22 post disease induction (sacrifice).
doi:10.1371/journal.pone.0117100.g005
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when compared to controls, together with CTX-I, revealing a compensatory mechanism in bone
turnover [26].
Due to increased bone turnover it was therefore of interest to assess the effects of inflamma-
tion on bone microstructure. Histomorphometric data revealed, in arthritic animals, a lower
fraction of trabecular bone volume and a lower average trabecular thickness as well as a higher
average trabecular separation, in comparison with controls. These findings were in line with
the described bone volume loss, measured by uCT, in this rat model [17].
In addition, we quantified calcium and phosphorus content, the two major minerals present
in bone [27], by energy dispersive X-ray spectroscopy. The arthritic group showed a significant
decreased mineral content, when compared to the control group. This result corroborated an
overall bone mineral loss, as a result of an unbalanced high bone turnover, which might lead to
bone fragility and consequently fracture.
In accordance, mechanical tests revealed that arthritic femurs have a significantly lower
yield stress and ultimate stress as compared to control femurs, meaning that bone is more frag-
ile and prone to fracture.
In summary, we have shown, in an AIA rat model, that the systemic inflammation associat-
ed with a polyarthritis is able to induce an early high bone turnover, bone microarchitecture
degradation, low mineral content and mechanical weakness. In addition, our results have
expanded the knowledge on this model. In fact, our findings, suggest that AIA is a fast and
adequate model to study the effects of arthritis on bone properties and consequently a poten-
tially accurate model to study anti-arthritic compounds with bone protective effects.
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Abstract: Rheumatoid arthritis (RA) is a chronic immune-mediated 
inflammatory disease, which causes local and systemic bone damage.  
Objectives - The main goal of this work was to analyze the effects of the 
early phase of systemic inflammatory process at bone tissue level, 
including nanomechanical properties, microarchitecture and mineral and 
collagen content. 
Methods - Eighty-eight Wistar rats were randomly housed in experimental 
groups, as follows: an adjuvant induced arthritis (N= 47) and a control 
healthy group (N= 41). Rats were monitored during 22 days for the 
inflammatory score, ankle perimeter and body weight and sacrificed at 
different time points (11 and 22 days post disease induction). Bone 
samples were collected for histology, micro-CT, 3-point bending test, 
nanoindentation and Fourier transformed infrared spectroscopy (FTIR) 
analysis. Blood samples were also collected for bone turnover markers and 
systemic cytokine quantification.  
Results At bone tissue level, measured by FTIR analysis and 
nanoindentation, there was a reduction of the mineral and collagen 
content and of hardness in the arthritic group, associated with an 
increase of the ratio of bone concentric to parallel lamellae and of the 
area of the osteocyte lacuna. In addition, increased bone turnover and 
changes in the microstructure and mechanical properties were observed in 
arthritic animals since the early phase of arthritis, when compared with 
healthy controls.  
Conclusion - Systemic inflammation induces very early changes at bone 
tissue level characterized by decreased tissue hardness, associated with 
changes in bone lamella organization and osteocyte lacuna surface and 
with decreased collagen and mineral content. These observations highlight 
the pertinence of immediate control of inflammation and of bone 
metabolism variables in the initial stages of arthritis. 
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Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease, which 
causes local and systemic bone damage.  
Objectives - The main goal of this work was to analyze the effects of the early phase of 
systemic inflammatory process at bone tissue level, including nanomechanical properties, 
microarchitecture and mineral and collagen content. 
Methods – Eighty-eight Wistar rats were randomly housed in experimental groups, as 
follows: an adjuvant induced arthritis (N= 47) and a control healthy group (N= 41). Rats 
were monitored during 22 days for the inflammatory score, ankle perimeter and body weight 
and sacrificed at different time points (11 and 22 days post disease induction). Bone 
samples were collected for histology, micro-CT, 3-point bending test, nanoindentation and 
Fourier transformed infrared spectroscopy (FTIR) analysis. Blood samples were also 
collected for bone turnover markers and systemic cytokine quantification.  
Results At bone tissue level, measured by FTIR analysis and nanoindentation, there was a 
reduction of the mineral and collagen content and of hardness in the arthritic group, 
associated with an increase of the ratio of bone concentric to parallel lamellae and of the 
area of the osteocyte lacuna. In addition, increased bone turnover and changes in the 
microstructure and mechanical properties were observed in arthritic animals since the early 
phase of arthritis, when compared with healthy controls.  
Conclusion - Systemic inflammation induces very early changes at bone tissue level 
characterized by decreased tissue hardness, associated with changes in bone lamella 
organization and osteocyte lacuna surface and with decreased collagen and mineral 
content. These observations highlight the pertinence of immediate control of inflammation 
and of bone metabolism variables in the initial stages of arthritis. 
 
 













































































Rheumatoid arthritis (RA) is the most common chronic inflammatory joint disease, 
affecting about 1% of the world population. RA is characterized by synovial 
hyperplasia caused by a large proliferative cellular infiltrate of leukocytes and high 
expression levels of proinflammatory cytokines [1]. As RA progresses there is 
marked articular destruction and decreased joint mobility with radiological evidence 
of bone erosion within 2 years of disease onset [2]. In addition, osteoporosis is a 
common finding in patients with RA [3] and is responsible for increased rates of 
vertebral and hip fractures in these patients [4,5]. RA is associated with an 
augmented expression of the receptor activator of RANKL (receptor activator of 
nuclear factor kappa–B ligand, NF-KB ligand) and low levels of its antagonist, 
osteoprotegerin (OPG) [6]. RANKL is a crucial activator of osteoclastogenesis [7]. In 
addition, RA serum and synovial fluid present a cytokine profile, including interleukin 
(IL)1β, IL6, IL17 and tumor necrosis factor (TNF), which further favors osteoclast 
differentiation and activation since the early phase of the disease [8-10].  
Bone is a dynamic tissue composed mainly of a type I collagen matrix that 
constitutes the scaffold for calcium hydroxyapatite crystal deposition. Remodeling of 
bone is a continuous process by which osteoclasts resorb bone tissue and 
osteoblasts produce new bone matrix that is subsequently mineralized. In this 
process biochemical markers of bone turnover are produced and released into 
circulation, providing a read-out of remodeling kinetics. Evidence suggests that 
bone-remodeling disturbances in RA contribute not only to local bone erosions but 
also to the development of systemic osteoporosis [11]. 
We have previously found in the adjuvant-induced rat model of arthritis (AIA) that 22 
days of sustained and established inflammatory disease progression directly leads 
to the degradation of bone biomechanical properties, namely stiffness, ductility and 
bone strength, which was paralleled by a high collagen bone turnover [12]. 
The main goal of this work was to analyze the effects of the early phase of systemic 
inflammatory process at bone tissue level, including nanomechanical properties, 









































































Animal experimental design 
Eighty-eight, 8 week-old female Wistar rats weighing approximately 230-250gr were 
housed in European type II standard filter top cages (Tecniplast, Buguggiate, Italy) 
and transferred into the SPF animal facility at the Instituto de Medicina Molecular, 
under a 14h light/10h dark light cycle, acclimatized to T= 20-22ºC and RH= 50-60%. 
They were given access to autoclaved rodent breeder chow (Special Diet Service, 
RM3) and triple filtered water. Rats were purchased from Charles River laboratories 
international (Barcelona, Spain) and arthritis was inducted on their laboratories in 47 
animals. The transport service takes 3 days to arrive at Instituto de Medicina 
Molecular.  
Upon arrival, animals were randomly housed in two groups, individually identified 
and cages were labelled according to the experimental groups, as follows: adjuvant 
induced arthritis model (N=47) and control healthy group (N=41). The inflammatory 
score, ankle perimeter and body weight were measured during disease 
development. Inflammatory signs were evaluated by counting the score of each joint 
in a scale of 0 – 3 (0 – absence; 1 – erythema; 2 – erythema and swelling; 3 – 
deformities and functional impairment). The total score of each animal was defined 
as the sum of the partial scores of each affected joint. Rats were sacrificed at day 
11 and 22 post disease induction, and blood, paws and bone samples were 
collected. All experiments were approved by the Animal User and Ethical 
Committees at the Instituto de Medicina Molecular (Lisbon University), according to 
the Portuguese law and the European recommendations, Directive 2010/63/EU 












































































Histological evaluation of hind paws 
 
Left hind paw samples collected at the time of sacrifice were fixed immediately in 
10% neutral buffered formalin solution and then decalcified in 10% formic acid. 
Samples were then dehydrated and embedded in paraffin, serially sectioned at a 
thickness of 5μm. Sections were stained with hematoxylin and eosin for 
histopathological evaluation of structural changes and cellular infiltration. This 
evaluation was performed in a blind fashion using 5 semi-quantitative scores: 
 
• Sublining layer infiltration score (0-none to diffuse infiltration; 1-lymphoid cell 
aggregate; 2-lymphoid follicles; 3-lymphoid follicles with germinal center 
formation); 
• Lining layer cell number score (0-fewer than three layers; 1-three to four layers; 2-
five to six layers; 3-more than six layers); 
• Bone erosion score (0-no erosions; 1-minimal; 2-mild; 3-moderate; 4-severe); 
•  Cartilage surface (0 –normal; 1 – irregular; 2 – clefts; 3 – clefts to bone);  
• Global severity score (0-no signs of inflammation; 1-mild; 2-moderate; 3-severe) 
[13]. 
 
Images were acquired using a Leica DM2500 (Leica Microsystems, Wetzlar, 




Serum samples were collected at the sacrifice time and stored at -80°C. The 
proinflammatory cytokine IL-6 (Boster Bio, California, USA) was quantified in serum 
samples using specific rat ELISA kits.  Bone remodeling markers, CTX-I and P1NP, 




































































For all biomarkers standard curves were generated by using reference biomarker 
concentrations supplied by the manufacturers. Samples were analyzed using a 
plate reader Infinite M200 (Tecan, Mannedorf, Switzerland). 
 
Micro-computed tomography (micro-CT) analysis 
Structural properties of the trabecular and cortical tibiae were determined with a 
high-resolution micro-CT system (SkyScan 1272, Bruker microCT, Kontich, 
Belgium). Moist bones were wrapped in parafilm and covered with dental wax to 
prevent drying and movement during the scanning. X-ray tube was set to 50kV and 
beam was filtered with 0.5mm Aluminum filter. Sample position and camera settings 
were tuned to provide 3.0µm isotropic pixel size and projection images were 
collected every 0.2°. Tissue mineral density values were calibrated against 
hydroxyapatite phantoms with densities of 250mg/cm3 and 750mg/cm3. 
Reconstructions were done with NRecon (v 1.6.9.8; Bruker microCT, Kontich, 
Belgium) where appropriate corrections to reduce beam hardening and ring artifacts 
were applied. Bone was segmented in slices of 3µm thickness. After 200 slices from 
growth plate, we selected and analyzed 1400 slices of trabecular bone. For cortical 
bone 300 slices (1800 slices from growth plate) were analyzed.  
This evaluation was performed in agreement with guidelines for assessment of 
bone microstructure in rodents using micro-computed tomography [14].  Trabecular 
bone morphology was analyzed by applying global threshold and despeckle to 
provide binary image for 3D analyzes. For cortical bone ROI was refined with ROI-
shrink wrap operation. This was followed by segmentation of blood vessels using 
adaptive thresholding. Blood vessels and porosity were analyzed using 3D 
morphological analyses. 
 
Bone mechanical tests 
The impact of inflammation on bone strength was investigated at the end of the 
experiment. Femurs were subjected to a 3-point bending test using the universal 
testing machine (Instron 3366, Instron Corp., Massachusetts, USA). Femurs were 
placed horizontally anterior side upwards on a support with span length of 
5mm. The load was applied with a constant speed of 0.005mm/s until failure 



































































linear part of recorded load deformation data. A displacement of 0.15μm between 
fitted slope and measured curve was used as criteria for yield point, whereas the 
breaking point was defined as set where force reached maximal value. For both 
yield and breaking points, force, deformation and absorbed energy were defined. 
 
Nanoindentation 
Nanoindentation was performed using a CSM-Nano Hardness Tester System (CSM 
Instruments SA; Switzerland; Indentation v.3.83) equipped with a Berkovich based 
pyramid diamond indenter. After micro-CT, 0.5mm of top tibia was cut and proximal 
part was embedded to low viscosity epoxy resin (EpoThin, Buehler, Knorring Oy Ab, 
Helsinki, Finland). Slow speed diamond saw was used to remove 10% of bone 
length. The sample surface was polished using silicon carbide sandpaper with a 
decreasing grid size (800, 1200, 2400 and 4800) and finished with cloth containing 
0.05μm γ-alumina particles. Indentation protocol was adopted from previous work 
[15] and an average of 8 indentations were done on both cortical and trabecular 
bone with quasi-static (so called ‘advanced’) loading protocol. All indentations were 
performed under an optical microscope to achieve the precise location of 
indentations at the center of the targeted area in the tissue [16]. 
In the ‘advanced’ protocol, a trapezoidal loading waveform was applied with a 
loading/unloading rate of 20mN/min, and with an intermediate load-hold-phase 
lasting 30s hold at a maximum load 10mN. The hardness (HIT), indentation modulus 
(EIT), indentation creep (CIT) and elastic part of indentation work (ηIT) were 
measured by advanced protocol using the Oliver and Pharr (1992) method [17]. 
Histological images of rat tibiae from diaphyseal cortical region were acquired 
during the nanoindentation technique, using a CSM instruments (Switzerland) 
microscope equipped with a color camera.  
A histologic score was applied in order to evaluate the lamellar structures of bone 
tissue. This evaluation was performed in a blind fashion using a semi-quantitative 
score: 
 Lamellar bone structure: (1- predominantly parallel-lamella; 2 - concentric 




































































The ratio of osteocyte lacuna area / total tissue area was also evaluated at x200 
magnification in order to analyse the percentage of total tissue area occupied by 
osteocyte lacunae. The method of acquisition and analysis used was the same 
applied for the evaluation of bone volume / tissue volume in histomorphometry 
technique [12]. All variables were expressed and calculated according to the 
recommendations of the American Society for Bone and Mineral Research [18], 
using a morphometric program (Image J 1.46R with plugin Bone J). 
 
Fourier transformed infrared spectroscopy (FTIR) 
Samples used for nanoindentation were also used for FTIR. Chemical composition 
was measured from bone surfaces separately with the HYPERION 3000 FTIRI 
microscope (Bruker Optics Inc, Billerica, MA, USA) using attenuated total reflection 
(ATR) objective. The ATR crystal was compressed on the bone with a constant 
load, and spectral images were recorded with a focal plane array detector (FPA). 
Spatial and spectral resolutions were set to 1µm and 2cm-1, respectively. Each 
spectrum between 840–3300cm-1 was averaged 32 times and two spectral maps 
(32x32 spectra) were collected from the trabecular and cortical bone separately. 
Data was analyzed using a custom script in the MATLAB environment (MathWorks 
Inc, Natick, MA, USA). For each spectral map, areas under curves were calculated 
for amide I, phosphate and carbonate peaks by integrating spectra between 1595–
1720cm-1, 900–1185cm-1 and 850–895cm-1, respectively. Blood vessels and other 
porous structures were removed by excluding spectra with maximum phosphate 
peak height less than 0.5 absorbance units. Average content as well as well-
established parameters for bone composition (carbonate:amide I, mineral:matrix 
and carbonate:phosphate) were finally calculated from the thresholded spectral 
maps [19]. 
 
Statistical analysis  
Statistical differences were determined with Mann–Whitney tests using GraphPad 
Prism (GraphPad, California, USA). Correlation analysis was performed with the 







































































The AIA rat model has a rapid and severe disease progression 
 
Results showed that inflammatory signs (Fig.1) boosted sharply in the arthritic 
group. The inflammatory score (Fig.1A) increased significantly at day 11 and 22 
post disease induction (which correspond to an acute phase and a chronic phase of 
systemic inflammation, respectively) in arthritic rats when compared to healthy 
controls (p=0.0097, respectively). 
Moreover, arthritic animals at day 11 and 22 post disease induction sharply 
increased the ankle swelling throughout disease progression (Fig.1B), when 
compared to healthy rats (p=0.0097, respectively) 
Fig.1 – Inflammatory score and ankle perimeter. Arthritic rats have a rapidly disease progression including ankle swelling, 
when compared with healthy control rats. Statistical differences were determined with non-parametric Mann Whitney test 
using GraphPad Prism (GraphPad, California, USA). Differences were considered statistically significant for p values ≤ 0.05. 







Inflammation affects local joints and promotes bone damage in AIA rats since 
the early stage of arthritis 
 
To evaluate the effect of inflammation in local articular joint synovium and bone 
structures, paw sections stained with hematoxylin and eosin were performed 





































































Fig.2 – Histological images of joints after 11 and 22 days of disease induction. These patterns are merely illustrative of the 
type of histological features observed. Black arrow indicates the absence/presence of ankle swelling in rat hind paws. C–
calcaneus, E–edema or erosion, S–synovia, Tb–tibia, Ts–tarso. Magnification of 50X. Bar: 100 μm. 
 
 
The histological evaluation using 5 semi-quantitative scores is depicted in Fig 3. 
Sublining layer infiltration (Fig 3A), number of lining layer cells (Fig 3B) and bone 
erosion score (Fig 3C) were increased in the arthritic group when compared with 
healthy controls at day 11 and 22 post disease induction (p<0.0001). Arthritic 
samples also showed increased cartilage damage surface (Fig 3D) since the early 
phase of arthritis at day 11 and 22 (p=0.0403 and p<0.0001 vs healthy controls, 
respectively). These data contributed to the increased values of severity score (Fig 
3E) in arthritic group (p<0.0001 vs healthy controls). Moreover, results also 
demonstrated a continuous disease progression between day 11 and 22 in arthritic 
animals, as observed by the increase of the sublining layer infiltration, number of 
lining layer cells, bone erosion score (p<0.0001), cartilage surface score (p=0.0001) 




































































Fig. 3 – Semi-quantitative evaluation of histological sections of inflammation and tissue damage locally in the joints of AIA 
rats. Notice that results demonstrate that arthritic rats after 11 and 22 days of disease induction increase cellular infiltration 
(A), number of lining layer cells (B), bone erosions (C) and cartilage surface damage (D). Global disease severity 
demonstrates this marked inflammation and progression between day 11 and 22 (E). Data are expressed as median with 
interquartile range. Differences were considered statistically significant for p-values<0.05, according to the Mann Whitney test. 




Systemic inflammation occurs in this model 
We observed that IL6 levels were increased in the serum of arthritic rats at day 11 
and 22 post disease induction in comparison with healthy controls (p= 0.0003 and 
p<0.0001, respectively), as observed in Fig 4. Results also revealed that IL6 levels 





































































Fig.4 - Serum quantification of IL6. Serum samples 
collected at day 11 and 22 post disease induction 
were analyzed by ELISA technique. IL6 was 
increased in arthritic rats at day 11 and 22 (p= 
0.0003 and p<0.0001vs healthy controls, 
respectively). Differences were considered 
statistically significant for p-values<0.05, according 
to the Mann–Whitney tests Healthy D11 N=11, 





Systemic inflammation promotes high bone turnover 
We have observed that both CTX-I (Fig. 5A) and P1NP (Fig. 5B) were significantly 
increased in the arthritic group at day 22 in comparison with healthy controls 
(p<0.0001 and p = 0.0007, respectively), revealing an increase of bone turnover in 
the arthritic group. Moreover, arthritic rats showed already increased values of CTX-
I at day 11 post disease induction (p=0.0218 vs healthy rats at day 11) but not of 
P1NP. These results suggest that systemic inflammation promotes skeletal bone 
turnover disturbances since the early stages of arthritis.  
 
Fig.5 - Bone turnover markers quantification. Serum samples collected at day11 and 22 post disease induction were analyzed 
by ELISA technique. Bone resorption marker, CTX-I (A) and bone formation marker, P1NP (B) were increased in arthritic rats 
at day 22 (p<0.0001 and p = 0.0007, respectively). Results also demonstrate increased values of CTX-I in arthritic rats at day 
11 when compared with healthy controls (p=0.0218). Differences were considered statistically significant for p-values<0.05, 






































































The effect of systemic inflammation on cortical and trabecular skeletal bone was 
assessed by micro-CT in bone tibia. 
The arthritic group showed at day 22 a dramatic deterioration of bone tibia integrity 
associated with a reduction in cortical bone area (Fig. 6A) and crossectional 
thickness (Fig. 6B) (p<0.0001 vs healthy controls, respectively) with an evident 
increased endosteal perimeter (Fig. 6C) (p=0.0029 vs healthy control). However, 
changes promoted by inflammation on bone structure begin at the early stages of 
arthritis as we can observe by the results obtained in the arthritic group by day 11 
with a decreased cortical bone area (Fig. 6A) (p= 0.0219 vs healthy control). 
Results also demonstrated decreased values of polar moment of inertia in arthritic 
group at day 11 and 22 post disease induction (Fig. 6D) (p=0.0091 and p= 0.0024 
vs healthy controls,  
 
Fig.6 – Micro-computed tomography (micro-CT) - Cortical analysis of tibiae rat sample.  
The crossectional bone area of cortical bone showed decreased values in the arthritic group at day 11 and 22(A) and polar 
moment of inertia (D). Arthritic group at day 22 presented a marked deterioration of bone tibia demonstrated by decreased 
crossectional thickness of cortical (B) and increased endosteal perimeter (C). Differences were considered statistically 
significant for p-values<0.05, according to the Mann–Whitney tests. Healthy D11 N=11, Healthy D22 N=30, Arthritic D11 N=16 





































































Trabecular bone (Fig. 7) also showed increased deterioration promoted by 
inflammation with decreased trabecular bone volume fraction in arthritic rats at day 
11 and 22 post disease induction (Fig. 7B) (p=0.0001 and p<0.0001 vs healthy 
controls, respectively), thickness (Fig. 7C) (p<0.0001 vs healthy controls, 
respectively), and number (Fig. 7D) (p=0.0039 and p<0.0001 vs healthy controls, 
respectively). Results also demonstrated increased values of trabecular separation 
in the arthritic group at day 11 and 22 (Fig. 7E) (p=0.0043 and p<0.0001 vs healthy 
controls) and of porosity (Fig. 7F) (p=0.0001 and p<0.0001 vs healthy controls, 
respectively). Furthermore, structure model index (Fig. 7G) showed increased 
values in arthritic groups at day 11 and 22 (p=0.0015 and p<0.0001 vs healthy 
controls, respectively) indicating that the shape of trabeculae is rather rod-like in the 
arthritic group as compared to plate-like shape in healthy controls.  
Altogether, these results showed that inflammation promote bone structural 






















































































Fig.7 – Micro-computed tomography (micro-CT) –Trabecular analysis of tibiae rat sample. 
MicroCT images from healthy and arthritic tibiae rats (A). Images acquired with SkyScan 1272, Bruker microCT, Belgium. 
Results showed decreased values of the ratio bone volume/tissue volume (B), trabecular thickness (C) and number (D) in 
arthritic group at day 11 and 22 post disease induction. Trabecular bone also showed increased values of trabecular 
separation (E), porosity (F) and structural model index in both arthritic groups (G). Differences were considered statistically 
significant for p-values<0.05, according to the Mann–Whitney tests. Healthy D11 N=11, Healthy D22 N=30, Arthritic D11 N=16 






































































Classical mechanical properties of rat femurs were evaluated using 3-point bending 
mechanical tests. Yield point occurs when first micro fractures appear in bone. 
Another interesting point is maximal load at breaking point (where complete fracture 
occurs) and toughness can be estimated. As shown in Fig. 8, arthritic rats at day 22 
revealed biomechanical disturbances with a decrease in mechanical properties at 
yield point, namely by displacement (Fig. 8A) (p=0.0192 vs healthy control), 
strength (Fig. 8B) (p=0.0229 vs healthy control) and pre yield energy (Fig. 8C) 
(elastic energy) (p=0.0161 vs healthy control). These results showed that arthritic 
bones at day 22 start to accumulate micro fractures with smaller deformations and 
loads, leading to a decreased energy absorption capability at yield point. Results 
also demonstrated that arthritic rats at day 22 have decreased maximum load (Fig. 
8D) and elastic capabilities at maximum load point (Fig. 8E) (p= 0.0017 and 
p=0.0134 vs healthy control, respectively), which indicates increased bone fragility. 
Finally, arthritic rat groups showed a significant decrease in toughness (Fig. 8F) 
(p=0.0143 vs healthy control), demonstrating that arthritic bone can absorb less 
energy before fracturing. 
Altogether, mechanical data revealed that arthritic groups have significantly lower 
mechanical properties as compared to healthy controls, meaning that arthritic bones 
are more fragile and prone to fracture, as highlighted by the significantly lower 

















































































Fig.8 – Bone mechanical properties assessed by three-point bending tests in rat femur. 
Results showed that arthritic rats at day 22 have decreased properties at yield point, related to displacement (A), strength (B) 
and energy (elastic energy) (C). Arthritic bones at day 22 required a lower maximum load (D) to fracture, with a decreased 
elastic energy at maximum load (E) and toughness (F). Differences were considered statistically significant for p-values<0.05, 










































































Decreased hardness in arthritic bone associated with an increase of the ratio 
of bone concentric to parallel lamellae and of the area of the osteocyte 
lacuna. 
Nanoindentation was performed in order to assess the quality at tissue matrix level 
as this technique works at the level of a single trabecula or within a confined 
submicron area of the cortical bone tissue (Fig 9). 
Nano-mechanical tests revealed that arthritic rats have decreased hardness in the 
cortical aspect of bone at day 22 post disease induction (Fig 9A) (p= 0.0010 vs 
healthy control) and at trabecular bone at day 11 and 22 post disease induction (Fig 
9B) (p= 0.0184 and p=0.008 vs healthy controls, respectively). Results also 
demonstrated the continuous decreasing of cortical hardness (Fig 9A) during 
arthritis development among arthritic groups (p=0.0043). No differences were 
observed in the other parameters analysed. 
Topographic images gathered during nanoindentation allowed the characterization 
of histologic features from healthy and arthritic bone at day 11 (Fig 9G) and 22 (Fig 
9H) days post disease induction. Concentric lamellas were identified in secondary 
osteons (SO) and more frequently observed in arthritic animals than in healthy 
controls (p= 0.0022). On the contrary, healthy animals at day 11 (Fig 9E) and 22 
(Fig. 9F) presented more parallel-lamellae (PL) structures than SO structures.  
Arthritic animals at day 22 post disease induction showed also an increased area 
occupied by osteocyte lacunae in the total tissue when compared to healthy animals 
(p=0.0067) (Fig 9D). Results also demonstrated a slight tendency towards an 















































































Fig.9 – Bone mechanical properties assessed by nanoindentation in rat femur at 11 and 22 days post disease induction and 
respective topographic images from the indentation tissue area. Nano-mechanical tests revealed that arthritic rats have 
decreased cortical hardness at day 22 and of trabecular hardness at day 11 and 22 post disease induction (B). Results 
demonstrated that concentric lamellae (C) and ratio of area occupied by osteocyte lacunae in the total tissue (D) are 
increased when compared to healthy animals at day 22. 
Images are merely illustrative of the type of histological features observed. Concentric lamellas are identified in secondary 
osteons (SO), characteristic from arthritic animals at day 11 (G) and 22(H). On the contrary, parallel-lamellae (PL) are 
identified in healthy at day 11 (E) and 22 (F). Os – Osteocytes, SO – Secondary osteons, PL – Parallel-lamellae, CL – 
Concentric lamellas. Magnification 20X. Differences were considered statistically significant for p-values<0.05, according to 






































































Decreased collagen and mineral content in the skeletal bone of arthritic 
animals 
FTIR was performed to assess the composition of cortical and trabecular bone. 
Results demonstrated that the mineral content was decreased in trabecular bone of 
arthritic animals since the early phase of arthritis when compared to healthy 
controls. Statistical differences were observed when compared arthritic animals at 
day 11 and 22 post disease induction with their correspondent healthy controls 
(p=0.0457 and p=0.0241, respectively) (Fig.10 A). There was also a significant 
decrease of mineral content between day 11 and 22 post disease induction 
(p=0.0481) (Fig. 10A). Results also demonstrated decreased collagen matrix in 
arthritic animals at day 22 post disease induction (p=0.0229 vs healthy group at day 
22) (Fig. 10B). There was also a significant decrease of collagen content between 
days 11 and 22 post disease induction (p=0.0012) (Fig. 10B). 
No statistical significant differences were observed in cortical bone parameters. 
 
 
Fig.10 – FTIR measurements from cortical and trabecular bone rat tibia at 11 and 22 days post disease 
induction . FTIR measurements revealed that arthritic rats had mineral loss in trabecular bone since the early 
stage of arthritis (A). Collagen was also decreased in arthritic samples at day 22 post disease induction (B). 
Differences were considered statistically significant for p-values<0.05, according to the Mann–Whitney tests. 












































































Arthritic groups presented inflammatory manifestations with synovial tissue 
inflammation and local bone erosions, as expected. Increased values of serum IL-6 
were observed in arthritic rats since the early stages of arthritis, confirming the 
systemic inflammatory component of this animal model. This cytokine plays a 
pivotal role in the pathologic processes of arthritis with a special emphasis on its 
impact on skeletal bone [20-23]. In accordance with this effect an increased and 
accelerated bone turnover was shown in arthritic animals, as depicted by increased 
CTX-I and P1NP levels since the early stages of arthritis. Data already published by 
our group in the same animal model of arthritis had also shown that P1NP levels 
were increased at day 22 post disease induction in arthritic animals and so did CTX-
I levels[12], reflecting an overall increase in bone turnover [24]. Despite the existing 
of some variability in human studies, CTX-I and P1NP have been found to be 
increased in RA patients, revealing the coupled compensatory mechanism of bone 
turnover [12,25]. Micro-CT data and 3 point bending test confirmed that this 
interference of inflammation with bone metabolism translates into bone micro 
architectural and mechanical fragility, as observed in RA patients, further reinforcing 
our observations that suggested the use of the AIA model as an adequate strategy 
for a fast insight on the impact of inflammation on bone. 
The first part of this study sets the stage for using this model for evaluating the 
effects of the early phase of systemic inflammatory process at bone tissue level, 
including nanomechanical properties, microarchitecture and mineral and collagen 
content. 
Nanoindentation was performed in order to assess the quality of bone at tissue 
matrix level, as this technique can be used at the level of a single trabecula or within 
a confined submicron area of the cortical bone tissue. Results showed decreased 
cortical and trabecular hardness in arthritic rats since the early phase of arthritis 
(days 11 and 22).  
We also observed at day 11 and 22 post arthritis induction concentric lamellas in 
secondary osteons (SO) microstructures, resulting from high bone remodelling, as 
previously described [12,26,27]. Dall’Ara et al. suggested that larger numbers of this 
younger, less mineralised and less hard structures, could be related to reduced 



































































animals presented more parallel-lamellae (PL) structures than SO structures and 
this PL structures are 10% more harder than the former, representing the mature 
bone structure (and normal bone remodelling)[27]. In addition, arthritic animals had 
an increased area occupied by osteocyte lacunae in total tissue. Osteocytes are 
responsible for the maintenance of the bone homeostasis, regulating the behaviour 
of osteoblasts and osteoclasts by communicating through gap junctions [28]. 
Although no previous data is available in the context of arthritis some studies 
revealed that osteocytes from osteoarthritis patients have an irregular morphology, 
with limited ability to reply to mechanical stimuli, leading to significant changes in 
the structure and mineral density [29]. Despite being still unclear this apparent 
change of osteocyte morphology in arthritic bone might contribute to the structural 
and mechanical changes observed in this context. 
Finally, FTIR measurements demonstrated that inflammation induces bone mineral 
and collagen loss since the early phase of arthritis. FTIR imaging have been 
extensively applied to the analyses of bone tissue [30-32], providing insights into 
molecular and chemical changes associated with load and damage of bone and 
cartilage [33].  Results are in line with our previous data using other techniques in 
the chronic phase of arthritis, showing a decreased mineral content [12] and also a 





Systemic inflammation induces very early changes at bone tissue level 
characterized by decreased tissue hardness, associated with changes in bone 
lamella organization and osteocyte lacuna surface and with decreased collagen and 
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Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease character-
ized by cellular infiltration into the joints, hyperproliferation of synovial cells and bone dam-
age. Available treatments for RA only induce remission in around 30% of the patients, have
important adverse effects and its use is limited by their high cost. Therefore, compounds
that can control arthritis, with an acceptable safety profile and low production costs are still
an unmet need. We have shown, in vitro, that celastrol inhibits both IL-1β and TNF, which
play an important role in RA, and, in vivo, that celastrol has significant anti-inflammatory
properties. Our main goal in this work was to test the effect of celastrol in the number of sub-
lining CD68 macrophages (a biomarker of therapeutic response for novel RA treatments)
and on the overall synovial tissue cellularity and joint structure in the adjuvant-induced rat
model of arthritis (AIA).
Methods
Celastrol was administered to AIA rats both in the early (4 days after disease induction) and
late (11 days after disease induction) phases of arthritis development. The inflammatory
score, ankle perimeter and body weight were evaluated during treatment period. Rats were
sacrificed after 22 days of disease progression and blood, internal organs and paw samples
were collected for toxicological blood parameters and serum proinflammatory cytokine
quantification, as well as histopathological and immunohistochemical evaluation,
respectively.
Results
Here we report that celastrol significantly decreases the number of sublining CD68 macro-
phages and the overall synovial inflammatory cellularity, and halted joint destruction without
side effects.
PLOS ONE | DOI:10.1371/journal.pone.0142448 December 11, 2015 1 / 18
OPEN ACCESS
Citation: Cascão R, Vidal B, Lopes IP, Paisana E,
Rino J, Moita LF, et al. (2015) Decrease of CD68
Synovial Macrophages in Celastrol Treated Arthritic
Rats. PLoS ONE 10(12): e0142448. doi:10.1371/
journal.pone.0142448
Editor: Lisa F.P. Ng, Singapore Immunology
Network, Agency for Science, Technology and
Research (ASTAR), SINGAPORE
Received: July 30, 2015
Accepted: October 21, 2015
Published: December 11, 2015
Copyright: © 2015 Cascão et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.
Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.
Funding: RC was supported with a fellowship from
Fundação para a Ciência e a Tecnologia (FCT,
SFRH/BPD/92860/2013). The funders had no role in
study design, data collection and analysis, decision to
publish, or preparation of the manuscript.
Competing Interests: The authors have declared
that no competing interests exist.
Conclusions
Our results validate celastrol as a promising compound for the treatment of arthritis.
Introduction
Rheumatoid arthritis (RA) is a chronic immune mediated inflammatory disease that is mainly
characterized by hyperproliferation of synovial cells, infiltration of mononuclear cells into the
synovium and early destruction of articular cartilage and bone, causing progressive damage to
the musculoskeletal system and consequently the loss of physical function and life quality [1–
3]. The most debilitating feature of RA is joint destruction, which is derived from an uncon-
trolled inflammatory process. RA joint synovial cellular infiltrate consists of activated macro-
phages, B and T cells, which secrete proinflammatory cytokines and other mediators of
inflammation [1, 4, 5] that not only perpetuate the inflammatory process but also increase
bone resorption [6–10]. In addition, activated synovial fibroblasts, chondrocytes and osteo-
clasts contribute to the underlying cartilage and bone damage [11]. Despite this clear link
between inflammation and increased bone turnover in RA and the existence of several thera-
peutical options, their efficacy on inflammation and bone treatment seem to be uncoupled,
with some drugs suppressing inflammation but failing to protect bone [12, 13] and others halt-
ing bone destruction but with no effect on controlling inflammation [14]. Moreover, drugs
used to treat RA, ranging from nonsteroidal anti-inflammatory drugs (NSAIDs) to disease-
modifying antirheumatic drugs (DMARDs), and biological DMARDs, still cause severe side
effects [15, 16] and are only able to induce remission in around 20–30% of the patients, leaving
the majority of the individuals affected by RA with a chronic inflammatory process that will
lead to damage. In addition to this, the most recent and innovative treatments are highly
expensive, representing a burden to national health services and creating a barrier to its use in
less effluent areas of the world. Therefore, compounds that can control arthritis, with an
acceptable safety profile and low production cost are still an unmet need.
In this context, we have recently identified celastrol, a pentacyclic triterpenoid compound
isolated from the roots of the Chinese herb Tripterygium wilfordii Hook F, as a potential RA
therapeutic candidate [17]. We have shown that celastrol inhibits both interleukin (IL)-1β and
tumour necrosis factor (TNF), which play an important role since the early phase of RA [18],
and has significant anti-inflammatory and anti-proliferative properties in an adjuvant-induced
rat model of arthritis (AIA) [17]. Supporting our own results, other studies using celastrol have
reported beneficial effects in various models of inflammation, diminishing joint swelling and
damage, serum IgG level, TNF and IL-1βmRNA and preventing disease progression [19].
Importantly, recent studies have also demonstrated that celastrol protects human chondrocytes
by down-regulating the expression of metalloproteinases (MMPs) and inducible nitric oxide
synthase (iNOS), suppresses several chemokines that mediate cellular joint infiltration [20],
impairs B cell development [21] and also regulates bone remodelling-related immune media-
tors and proinflammatory cytokines in AIA synovium-infiltrating cells cultured ex vivo and in
the RAW264.7 macrophagic cell line [22]. Celastrol might thus constitute an attractive candi-
date to have an early effect not only in controlling inflammation but also in preventing bone
structural disturbances that occur in arthritis.
The efficacy of new compounds in the treatment of RA has been associated with a decrease
in CD68 positive macrophages in the synovial sublining layer. This effect has been clearly dem-
onstrated for most of the effective treatments for RA, including classic treatments, such as
Celastrol Decreases CD68 Synovial Macrophages in Arthritis
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prednisolone [23], gold salts [24], methotrexate [25, 26] and leflunomide [27], and also for bio-
logics such as infliximab [28, 29], anakinra [30, 31] and rituximab [32]. Interestingly, a study of
a CCL-2/MCP-1 monoclonal antibody antagonist demonstrated no change in CD68 sublining
macrophages and this was associated with no change in disease activity [33]. In accordance, a
C5aR antagonist did not affect CD68 sublining macrophages and no clinical effect occurred
[34]. Furthermore, a multicenter study on the correlation of the number of sublining CD68
cells and the change in DAS28 demonstrated excellent inter-centre agreement [32] and it has
been shown that the number of CD68 macrophages decreases with a reduction in disease activ-
ity as measured by Disease Activity Score [35]. Due to these very solid evidences, the number
of CD68 sublining macrophages has been proposed as a biomarker of therapeutic response to
be used in the test of novel treatments for RA [32]. Of interest, in the preclinical test of new
compounds, a number of observations have shown that effective RA treatments such as tofaci-
tinib [36] and methotrexate [37] also decrease CD68 sublining macrophages in animal models
of arthritis. Several experimental compounds have also shown an association between control
of arthritis and reduction in the number of CD68 macrophages in animal models of arthritis
[38–40].
Our aim in the herein study was to test the effect of celastrol treatment in the number of
sublining CD68 macrophages and on the overall synovial tissue cellularity and joint structure
in an animal model of arthritis, as a further argument to its possible efficacy in RA treatment.
In this work we report that celastrol significantly decreases the number of sublining CD68
macrophages and the overall synovial inflammatory cellularity, and halted joint destruction
without any detectable side effects.
Materials and Methods
Animal experimental design
Eight-week-old female wistar AIA rats were purchased from Charles River Laboratories Inter-
national (Massachusetts, USA). AIA rats were maintained under specific pathogen free (SPF)
conditions and housed per groups under standard laboratory conditions (at 22°C under
12-hour light/12-hour dark conditions). Humane end-points were established and animals
were sacrificed when presenting the maximum inflammatory score in more than 2 paws or
when presenting more than 20% of body weight loss. All experiments were approved by the
Animal User and Ethical Committees at the Instituto de Medicina Molecular (Lisbon Univer-
sity), according to the Portuguese law and the European recommendations. The dose of celas-
trol (1μg/g body weight daily) used in this study was based on that used in our previous study
[17] and in other studies [22]. The need for daily administrations is also supported by Zhang J.
et al who showed that the half-life of pure celastrol is approximately 10 hours [41]. Celastrol
(Sigma, Missouri, USA) stock solution of 100mg/ml in DMSO was dissolved in normal saline
solution and injected intraperitoneally in AIA rats after 4 days (early treatment group) and
after 11 days (late treatment group) of disease induction, when arthritis was already present. A
group of healthy non-arthritic and arthritic untreated female age-matched wistar rats sacrificed
at day 4 (baseline for the celastrol early-treated group, at preclinical stage, N = 13), day 11
(baseline for the celastrol late-treated group, at acute clinical stage, N = 18) and day 22 after
disease induction (chronic clinical stage) were used as controls in all experiments for compari-
son. At the preclinical AIA progression stage evidence of inflammation or bone erosion is still
lacking in the contralateral hind paw and fore paws. Hind paw swelling, inflammation and
joint erosions are steadily progressing during acute clinical stage and reach a plateau in the
chronic stage [42]. The inflammatory score, ankle perimeter and body weight were measured
during the period of treatment. Inflammatory score was evaluated by counting the score of
Celastrol Decreases CD68 Synovial Macrophages in Arthritis
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each paw joint in a scale of 0–3 (0—absence; 1—erythema; 2—erythema and swelling; 3—
deformities and functional impairment). The total score of each animal was defined as the sum
of the partial scores of each affected joint [17, 43]. Rats were sacrificed by CO2 narcosis and
blood, internal organs as well as paw samples were collected.
Toxicological evaluation
For histopathological observation, lung, liver, kidney and spleen samples were collected at the
time of sacrifice. Samples were fixed immediately in 10% neutral buffered formalin solution
and then dehydrated with increasing ethanol concentrations (70%, 96% and 100%). Samples
were next embedded in paraffin, sectioned using a microtome, mounted on microscope slides
and stained with hematoxylin and eosin. Tissue histopathological changes were examined by a
pathologist blinded to the experimental groups. All images were acquired using a Leica DM
2500 microscope equipped with a color camera Leica MC170 HD (Leica microsystems, Wet-
zlar, Germany). Moreover, blood toxicological parameters, such as creatine kinase, urea, lactate
dehydrogenase and alanine transaminase, were measured in serum samples by enzyme linked
immunosorbent assay (ELISA) technique according to the manufacturer’s instructions (BioAs-
say Systems, California, USA). Samples were analyzed using a plate reader Infinite M200
(Tecan, Mannedorf, Switzerland).
Systemic cytokine quantification
Proinflammatory cytokines IL-1β (Boster Bio, California, USA), IL-6 (Boster Bio, California,
USA), IL-17 (Sunred Biological Technology, Shanghai, China) and TNF (RayBiotech, Georgia,
USA) were quantified in serum samples using specific rat ELISA kits according to the provi-
der's recommendations. Standard curves for each cytokine were generated by using reference
cytokine concentrations supplied by the manufacturer. Samples were analyzed using a plate
reader Infinite M200 (Tecan, Mannedorf, Switzerland).
Histological and immunohistochemical evaluation of hind paws
Left hind paw samples collected at the time of sacrifice were fixed immediately in 10% neutral
buffered formalin solution and then decalcified in 10% formic acid. Samples were next dehy-
drated and embedded in paraffin, serially sectioned at a thickness of 5 μm using a microtome,
mounted on microscope slides and stained with hematoxylin and eosin for morphological
examination of structural changes and cellular infiltration. Histopathological evaluation of rat
joints was performed in a blind fashion using 4 semi-quantitative scores: Sublining layer infil-
tration score (0—none to diffuse infiltration; 1—lymphoid cell aggregate; 2—lymphoid folli-
cles; 3—lymphoid follicles with germinal center formation); Lining layer cell number score
(0—fewer than three layers; 1—three to four layers; 2—five to six layers; 3—more than six lay-
ers); Bone erosion score (0—no erosions; 1—minimal; 2—mild; 3—moderate; 4—marked);
Global severity score (0—no signs of inflammation; 1—mild; 2—moderate; 3—severe) [17, 44,
45]. Paw sections were also used for immunohistochemical staining with CD68 (Abcam, Cam-
bridge, UK), CD163 (Biorbyt, Massachusetts, USA), CD3 (Abcam, Cambridge, UK), CD19
(Biorbyt, Massachusetts, USA) and Ki67 (Abcam, Cambridge, UK) antibodies. Tissue sections
were incubated with the primary antibody and with EnVision+ (Dako, Glostrup, Denmark).
Color was developed in solution containing diaminobenzadine-tetrahydrochloride (Sigma,
Missouri, USA), 0.5% H2O2 in phosphate-buffered saline buffer (pH 7.6). Slides were counter-
stained with hematoxylin and mounted. Immunohistochemical evaluation of rat joints was
performed in a blind fashion using a semi-quantitative score of 0–4 (0—no staining; 1–0–25%
staining; 2–25–50% staining; 3–50–75% staining; 4—more than 75% staining) [17]. Images
Celastrol Decreases CD68 Synovial Macrophages in Arthritis
PLOS ONE | DOI:10.1371/journal.pone.0142448 December 11, 2015 4 / 18
were acquired using a Leica DM2500 (Leica Microsystems, Wetzlar, Germany) microscope
equipped with a color camera.
For a quantitative analysis of the immunohistochemical staining, we acquired whole-slide
color images of single tissue slides using a NanoZoomer SQ slide scanner (Hamamatsu Pho-
tonics, Hamamatsu City, Japan) with 20x magnification (0.46 μm resolution). We developed
an image analysis software written in MATLAB (Mathworks, Natick, MA) to identify and
count the number of positive cells that displayed a specific cytoplasmic staining in representa-
tive sections. Briefly, single cell nuclei stained with hematoxylin were identified by color thresh-
olding in the Lab color space with the range of parameters L = [40,72], a = [–11,20] and
b = [–37,12] followed by particle analysis. Dilated regions of interest (ROIs) with a radius of 5
pixels were next defined for each detected particle as the cytoplasmic area. The antibody stain-
ing was also identified by color thresholding in the Lab color space with the range of param-
eters L = [40,80], a = [–6,20] and b = [-0.2,33]. Each cell ROI was then evaluated for
antibody positive staining, defined by the occurrence of at least 20 pixels with a color value
included in the cytoplasmic Lab threshold range. We cropped areas of interest from whole-
slide color images corresponding to synovial membranes and the software was set to batch pro-
cess all images and output the total number of cells and the number of cells with positive anti-
body staining for each section. Then the density of positive cells was calculated by dividing the
positive cell count by the area value.
Statistical analysis
Statistical differences were determined with non-parametric Kruskal-Wallis (Dunn´s Multiple
Comparison tests) and Mann–Whitney tests using GraphPad Prism (GraphPad, California,
USA). Correlation analysis was performed with the Spearman test. Differences were considered
statistically significant for p<0.05.
Results
Celastrol safely suppresses inflammatory manifestations in rat adjuvant-
induced arthritis
To further validate the in vivo anti-inflammatory effect of celastrol in the context of arthritis,
we have used the AIA rat model. The AIA experimental arthritis shares some characteristics of
RA, such as hyperplasia of the synovial membrane, inflammatory infiltration of the joints,
deposition of immune complexes in articular cartilage, pannus formation and destruction of
bone. This model is also useful to characterize treatment responses by the reduction of inflam-
mation or changes in the synovial tissue [46]. Overall, the AIA model has been extensively
used to clarify the mechanisms of human RA pathogenesis and to identify potential targets and
new drugs for therapeutic intervention [47], and has thus been our model of choice for our
first experimental use of celastrol [17, 48].
Celastrol was intraperitoneally administrated at a dose of 1μg/g/daily after 4 days of disease
induction (early treatment group) and after 11 days of disease induction (late treatment group)
[17]. The inflammatory score and ankle perimeter were evaluated during the treatment period
(Fig 1 and S1 Fig). As shown in Fig 1A, all animals already presented signs of arthritis by the
fourth day of disease induction and after 9 days the untreated arthritic group started to increase
the inflammatory manifestations sharply. In contrast, in early celastrol-treated rats there was
minimal inflammatory activity or even complete abrogation of arthritis manifestations. In the
late treatment group, drug administration was started when animals already presented a mean
inflammatory score of 4, but celastrol still caused a significant decrease of arthritis manifestations
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over time. In fact, the only remaining sign of swelling was observed in most animals in the local
of injection of the adjuvant, for disease induction. This result shows that this drug has a signifi-
cant anti-inflammatory effect even when administrated at a later phase of arthritis development.
Celastrol showed a significant anti-inflammatory effect, as assessed by the evaluation of the
inflammatory score (p<0.0001 in early and late treatment groups vs. arthritic animals, shown in
Fig 1B) and also by the measurement of ankle perimeter (p<0.0001 in early and late treatment
groups vs. arthritic animals, shown in Fig 1C). Of note, by the end of the treatment, at day 22,
there were no significant differences between the celastrol early and late treatment groups.
Importantly, both treated groups showed a significant reduction in the inflammatory score when
compared with their baselines (p = 0.0002 in celastrol early-treated vs. arthritic rats sacrificed at
day 4 and p<0.0001 in celastrol-late treated vs. arthritic rats sacrificed at day 11).
Up to now significant adverse effects of celastrol administration have not been reported.
However the few toxicological analysis of this compound in vivo were based in data from the
assessment of animal mortality and some blood parameters in studies using Tripterygium wil-
fordii plant extracts [49]. To investigate the potential side effects of pure celastrol
Fig 1. (A) Celastrol ameliorates inflammation throughout time. Notice that after 7 days of treatment
celastrol early-treated rats presented minimal inflammatory activity, whereas arthritic rats started to
increase the inflammatory manifestations sharply. Arrows indicate the beginning of treatment after 4
and 11 days of disease induction. (B) Celastrol improves the clinical outcome in adjuvant-induced
arthritic rats. Inflammatory score in celastrol-treated AIA rats is maintained significantly diminished
in comparison with arthritic rats. (C) Celastrol suppresses the progression of swelling in the left hind
paw. Left paw edema/swelling is markedly present in arthritic rats in contrast to celastrol-treated animals.
Data are expressed as median with interquartile range. Differences were considered statistically significant
for p-values<0.05, according to the Kruskal-Wallis (Dunn´s Multiple Comparison tests) and Mann–Whitney
tests. Healthy N = 19, Arthritic N = 23, Celastrol early group N = 15 and Celastrol late group N = 15.
doi:10.1371/journal.pone.0142448.g001
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administration in AIA rats, we performed liver and renal function tests, such as the measure-
ment of creatine kinase, urea, lactate dehydrogenase and alanine transaminase in serum sam-
ples collected at the time of sacrifice. No significant differences were observed in these
parameters when comparing arthritic rats with animals under treatment (p = 0.2). In addition,
a pathologist blinded to experimental groups examined the tissue histological sections and has
reported no evidence of drug-induced liver or renal injury, as well as no lung or spleen alter-
ations (S2 Fig). Of note, body weight variations were recorded throughout treatment duration,
and no weight loss was observed due to celastrol administration (p = 0.1265 and p = 0.6005 in
celastrol early and late treatment groups vs. arthritic rats, respectively). Contrarily, there was
an association between disease activity and weigh loss (p = 0.0273 in arthritic rats vs. healthy
animals). In fact, in the late treatment group, animals started to lose weight due to disease
activity and after treatment was initiated no more weight loss was observed (p = 0.0436 in late-
treated rats at day 11 vs. day 4, and p = 0.9009 in late-treated rats at day 22 vs. day 11) (S3 Fig).
Importantly, administration of celastrol has already been tested in healthy animals in a wide
range of concentrations [21]. So far, there are no data showing deleterious effects at a dose of
1mg/kg (the concentration used in this work).
Celastrol diminishes systemic proinflammatory cytokine IL-6 in vivo
Proinflammatory cytokines, namely IL-1β, IL-6, IL-17 and TNF act synergistically to maintain
inflammation and bone erosions in animal models of arthritis and in RA patients. These cyto-
kines activate the NF-kB pathway that in turn leads to the downstream up-regulation of several
cytokines, chemokines and MMPs, which are responsible for the inflammatory process and for
the destruction of cartilage and bone. We therefore aimed at evaluating the anti-inflammatory
effect of celastrol on the peripheral circulating levels of these cytokines. We have observed that
IL-6 levels increase in the serum of AIA rats throughout the course of arthritis, although abun-
dant production was seen only after 2 weeks of disease onset. Thus, IL-6, which is produced by
monocytes/macrophages, T cells and synovial fibroblasts [50], seems to be involved in the sys-
temic events underlying arthritis, especially in the transition phase of its development. Fig 2
shows that celastrol administration significantly reduces the levels of IL-6 detected in periph-
eral blood, both in early and late treatment groups (p<0.0001 in both groups vs. arthritic rats
Fig 2. Celastrol reduces the serum levels of IL-6 in arthritic rats.Notice that celastrol treatment
significantly reduces the systemic concentration of the proinflammatory cytokine IL-6 to levels similar to
healthy controls. Data are expressed as median with interquartile range. Differences were considered
statistically significant for p-values<0.05, according to the Kruskal-Wallis (Dunn´s Multiple Comparison tests)
and Mann–Whitney tests. Healthy N = 21, Arthritic N = 23, Celastrol early group N = 15 and Celastrol late
group N = 15.
doi:10.1371/journal.pone.0142448.g002
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after 22 days of disease induction), presenting a cytokine concentration similar to healthy con-
trols. Importantly, both treated groups showed a significant reduction in the circulating levels
of IL-6 when compared with their baselines (p = 0.0387 in celastrol early-treated vs. arthritic
rats sacrificed at day 4 and p<0.0001 in celastrol-late treated vs. arthritic rats sacrificed at day
11). This observation is corroborated by data already published which shows that IL-6 mRNA
is decreased after celastrol treatment in vitro [51]. We have also quantified the circulating con-
centration of IL-1β, IL-17 and TNF, but no differences were found when comparing arthritic
rats with animals under celastrol treatment or with healthy controls (p>0.05, S4 Fig), possibly
because these cytokines are not increased in the periphery at this stage of disease development.
Previously, we have demonstrated that circulating IL-1β and IL-17 are only increased in the
early phase of RA, in contrast to IL-6, which was found to be increased also in the later phase
of the disease [18], arguing that the detection of these cytokines in the periphery is dependent
on disease evolution. In addition, literature controversy highlights the likelihood that systemic
markers and mediators of arthritis might not fully reflect the underlying local disease progres-
sion. AIA rat model have increased levels of IL-1β (since the preclinical disease stage), IL-6, IL-
17 and TNF (in the acute and chronic stages) locally in the joints [42]. Recently, it has been
shown in the same animal model that both Tripterygium and celastrol decrease the levels of
these cytokines locally in the arthritic joints [19, 20, 22, 52].
Celastrol ameliorates local joint inflammation and bone damage in AIA
rats
To evaluate the effect of celastrol in the preservation of local articular joint synovium and bone
structures, paw sections stained with hematoxylin and eosin were performed (illustrative
images can be observed in Fig 3). The histological evaluation using 4 semi-quantitative scores
is depicted in Fig 4.
The levels of the sublining layer infiltration (Fig 4A) and the lining layer cell numbers (Fig
4B) started to augment immediately after 4 days of disease onset and continued to markedly
increase until the end of the study (p<0.0001, healthy vs. arthritic rats sacrificed after 22 days
of disease induction). The data from Fig 4D revealed that rats treated with celastrol had a nor-
mal joint structure at the end of the study period, with an abrogation of the inflammatory infil-
trate and a reduction of the number of cells present in the lining layer of the synovial
membrane (p<0.0001 in early and late treatment groups vs. arthritic animals). Moreover,
when comparing the infiltration score of celastrol early-treated group with diseased animals at
baseline (day 4), we observed that there was a complete clearance of the cellular infiltrate
(p = 0.0006 in the early-treated group sacrificed at the end of the treatment period vs. arthritic
rats sacrificed at baseline of the treatment period, i.e. after 4 days of disease induction), with a
phenotype similar to a healthy control. Regarding the analysis of the lining layer cell number
score (Fig 4B), data showed that both celastrol early and late treatment groups have dramati-
cally reduced scores, in comparison with the animals at the beginning of treatment, corre-
sponding to baseline (p = 0.0107 in early-treated arthritic rats sacrificed at the end of the study
period vs. arthritic rats sacrificed at baseline, at day 4 and p<0.0001 in late-treated arthritic
rats sacrificed at the end of the study period vs. arthritic rats sacrificed at baseline, at day 11,
respectively).
Celastrol is also effective in preventing bone articular destruction as shown in Fig 4C. The
development of bone erosions in the AIA rat model occurred immediately after 4 days of dis-
ease onset, and markedly increased throughout the development of arthritis (p<0.0001 in
healthy vs. arthritic rats sacrificed after 22 days of disease induction), with a strong correlation
between erosion and infiltration as well as with proliferation scores (r2 = 0.70, p = 0.0009 and
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r2 = 0.97, p<0.0001, respectively). By the end of the treatment course, celastrol was able to sup-
press the appearance of bone erosions (p<0.0001 in both celastrol early and late treatment
groups vs. arthritic rats), maintaining the phenotype similar to their baselines. These results
might suggest that celastrol is able to modulate oscleoclast pathways. In fact, a study has dem-
onstrated that celastrol inhibits the formation and activity of mature osteoclasts, induces their
apoptosis and reduces osteoblast viability and activity in vitro [53].
Overall, these data are supported by studies already published in the literature using several
plant extracts and different experimental outlines [19, 20, 22, 54, 55]. Thus, there is strong
Fig 3. Histological images of joints after celastrol treatment. These patterns are merely illustrative of the
type of histological features observed. Black arrow indicates the absence/presence of ankle swelling in rat
hind paws. C–calcaneus, E–edema or erosion, S–synovia, Tb–tibia, Ts–tarso. Magnification of 50×. Bar:
100 μm.
doi:10.1371/journal.pone.0142448.g003
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evidence that celastrol is able to significantly diminish inflammation and bone damage, even
when administrated in a later phase of arthritis development.
Celastrol inhibits synovial lymphocyte infiltration and cell proliferation in
arthritic rat joints
The immunohistochemical analysis revealed that arthritic rats treated with celastrol have
reduced levels of lymphocyte infiltration into the joints (Fig 5). As can be observed in Fig 5B
there were significant reductions of CD3+ T cells (p<0.0001 in early and late treatment groups
vs. arthritic rats) and CD19+ B cells (p<0.0001 in early and late treatment groups vs. arthritic
rats). In contrast, the number of these cells markedly increased throughout disease progression
in untreated animals (p<0.0001 in healthy vs. arthritic rats, sacrificed at the end of the study
period). A study by Venkatesha et al, have shown that celastrol reduces the level of chemokines,
which might explain the inhibition of leukocyte migration [20].
In addition, we have also studied cell proliferation by staining joint tissue sections with the
Ki67 marker. The immunohistochemical results shown in Fig 5B revealed that animals treated
with celastrol have reduced levels of synovial cell proliferation in both early and late treated rats
(p<0.0001 in both groups vs. arthritic animals), with a score similar to the healthy controls.
Results of immunohistochemical quantification also showed that celastrol significantly
reduced CD3+ T cells (p = 0.0079 in both early and late treatment groups vs. arthritic rats) and
CD19+ B cells (p = 0.0317 in both early and late treatment groups vs. arthritic rats) infiltrated
into the joints as well as synovial cell proliferation (p = 0.0079 in both early and late treatment
groups vs. arthritic rats), as depicted in Fig 5C.
Fig 4. Celastrol suppresses arthritic inflammation and tissue damage locally in the joints of AIA rats.
A semi-quantitative evaluation of histological sections was performed. Notice that celastrol has inhibited
cellular infiltration (A), completely reversed the number of lining layer cells to the normal values (B) and
prevented bone erosion occurrence (C), allowing for a normal joint structure comparable to healthy rats in
both early and late treatment groups (D). Data are expressed as median with interquartile range. Differences
were considered statistically significant for p-values<0.05, according to the Kruskal-Wallis (Dunn´s Multiple
Comparison tests) and Mann–Whitney tests. Correlation analysis was performed using the Spearman test.
Healthy N = 19, Arthritic N = 23, Celastrol early group N = 15 and Celastrol late group N = 15.
doi:10.1371/journal.pone.0142448.g004
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Celastrol significantly reduces CD68+ macrophages in the arthritic
synovial tissue
The activated macrophages in the synovium are derived from circulating monocytes and
secrete various mediators that participate in arthritis induction and tissue injury. Studies of
drug efficacy in RA patients have identified, from a large panel of synovial biomarkers, sublin-
ing CD68+ macrophages as an optimal marker to evaluate clinical response, with an associa-
tion between clinical improvement and the reduction of CD68+ macrophage scores. Therefore,
CD68+ sublining macrophages have been recognized as a synovial biomarker, with a high sen-
sitivity in discriminating between effective and ineffective therapies or placebo, useful in an
early stage of drug development [34, 56]. We have thus performed the characterization of
CD68+ macrophages present in the synovial tissue after treatment with celastrol (Fig 6).
Arthritic rats have shown an increase in the number of CD68+ synovial macrophages through-
out the development of the disease (p<0.0001 in healthy vs. arthritic rats, as shown in Fig 6B).
Importantly, celastrol significantly decreased the number of CD68+ macrophages infiltrated
into the arthritic joint tissue (p<0.0001 in early and late treatment groups vs. arthritic rats). In
addition, celastrol administration significantly decreased the levels of CD163+ macrophages
(p<0.0001 in early and late treatment groups vs. arthritic rats). CD163 is a useful marker in
Fig 5. Celastrol reduces the number of T cells and B cells present in the synovial membrane, and suppresses synovial cell proliferation. (A)
Representation of the immunohistochemical evaluation performed in paw sections at day 22 after celastrol treatment. Magnifications of 200×. Bar: 100 μm.
(B) Immunohistochemical analysis was performed using a semi-quantitative score. Notice that both celastrol early and late-treated rats showed a significant
reduction in the number of CD3 and CD19 positive cells as well as a reduction in the levels of synovial cell proliferation assessed by Ki67 marker in
comparison with arthritic rats at day 22. Healthy N = 16, Arthritic N = 10, Celastrol early group N = 15 and Celastrol late group N = 15. (C)
Immunohistochemical quantification was performed using an image analysis software written in MATLAB to identify and count the number of positive cells for
each antibody in representative sections. Notice that both celastrol early and late-treated rats showed a significant reduction in the number of CD3, CD19 and
Ki67 positive cells in comparison with arthritic rats at day 22. Healthy N = 5, Arthritic N = 5, Celastrol early group N = 5 and Celastrol late group N = 5. Data are
expressed as median with interquartile range. Differences were considered statistically significant for p-values<0.05, according to the Kruskal-Wallis (Dunn´s
Multiple Comparison tests) and Mann–Whitney tests.
doi:10.1371/journal.pone.0142448.g005
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this context because it is a more selective macrophage marker and helps to discriminate
between synovial macrophages and synovial intimal fibroblasts, which also stain positively for
CD68 in RA synovium [57]. Previous studies have in fact shown that synovial intimal fibro-
blasts migration and invasion into the synovium are also reduced by celastrol [55, 58].
Results of immunohistochemical quantification shown in Fig 6C also revealed that celastrol
significantly reduced CD68+ cells (p = 0.0079 in both early and late treatment groups vs.
arthritic rats) and CD163+ macrophages (p = 0.0079 in both early and late treatment groups
vs. arthritic rats) infiltrated into the joints.
Because inflammatory synovial tissue macrophages are derived from peripheral blood
monocytes, these observations suggest decreased monocyte recruitment into the joints of
arthritic rats treated with celastrol, even when treatment was initiated in a later phase of disease
development.
Discussion
In this study, we have shown that celastrol substantially depletes CD68+ sublining synovial
cells, considered to be the biomarker with the strongest association with response to treatment
in RA. Moreover, celastrol was effective and safe in suppressing synovial inflammation and
bone damage in rats with AIA.
We have consistently observed that celastrol treatment reduced serum IL-6 levels in arthritic
rats. This observation is relevant because IL-6 is a proinflammatory cytokine that plays a rele-
vant role in the pathogenesis of RA, namely in Th17 polarization and plasma B cell differentia-
tion, in the production of chemokines, adhesion molecules, and VEGF, and in the secretion of
RANKL and MMPs, amplifying inflammatory cell infiltration and inducing osteoclastogenesis
[59–61]. Interestingly, it was shown that celastrol can suppress arthritis in part by altering
Th17/Treg ratio in inflamed joints [52]. Additionally, celastrol-treated rats showed a significant
Fig 6. Celastrol reduces the number of synovial CD68+macrophages. (A) Representation of the immunohistochemical evaluation performed in paw
sections at day 22 after celastrol treatment. Magnifications of 200×. Bar: 100 μm. (B) Immunohistochemical analysis was performed using a semi-quantitative
score. Notice that both celastrol early and late-treated rats showed a significant reduction in the number of CD68 and CD163 positive cells in comparison with
arthritic rats at day 22. Healthy N = 16, Arthritic N = 10, Celastrol early group N = 15 and Celastrol late group N = 15. (C) Immunohistochemical quantification
was performed using an image analysis software written in MATLAB to identify and count the number of positive cells for each antibody in representative
sections. Notice that both celastrol early and late-treated rats showed a significant reduction in the number of CD68 and CD163 positive cells in comparison
with arthritic rats at day 22. Healthy N = 5, Arthritic N = 5, Celastrol early group N = 5 and Celastrol late group N = 5. Data are expressed as median with
interquartile range. Differences were considered statistically significant for p-values<0.05, according to the Kruskal-Wallis (Dunn´s Multiple Comparison
tests) and Mann–Whitney tests.
doi:10.1371/journal.pone.0142448.g006
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reduction in the severity of clinical arthritis as well as in pannus formation and leukocyte cell
infiltration into the joint synovial tissue. This cell infiltration and proliferation inhibitory effect
of celastrol may thus prove to be of interest to prevent and treat the development of the syno-
vial tumor-like pannus tissue characteristic of established RA and responsible for bone damage.
Interestingly, histological analysis also revealed that celastrol is effective in suppressing local
inflammation-induced bone loss. Of note, celastrol treatment is effective when administrated
both in the early and established phase of arthritis, which is relevant for the potential clinical
implications of our findings. Our report is the first to demonstrate the protective coupled effect
of celastrol in vivo on both synovial inflammation and joint bone damage restoring synovial
homeostasis, fulfilling this unmet medical need in RA treatment approach. Importantly, CD68
+ sublining macrophages, a synovial biomarker with a high sensitivity in selecting effective RA
therapies in an early stage of drug development, is significantly reduced in the synovia of celas-
trol-treated rats.
It has already been reported that celastrol targets NF-kB, via long-lasting inhibition of IKKβ
activity [62]. In fact, the inactivation of NF-kB in animal models has shown the ability to sup-
press arthritis [63]. NF-kB participates in the transcription of genes encoding many proinflam-
matory cytokines and chemokines, in the regulation of different immune cells and in the
expression of adhesion molecules and matrix MMPs [64]. Based on microarray gene expres-
sion profile it has been demonstrated that celastrol represses cell proliferation, inflammation
and immune responses (targets T and B cells, antigen processing and presentation), blocks
metabolic pathways, has anti-oxidant properties, and targets VEGF, proinflammatory cyto-
kines and chemokines [65]. Indeed, it has been demonstrated that celastrol reduces the levels
of chemokines, possibly affecting leukocyte migration [20]. Celastrol has thus a broad spectrum
of targets, modulating immune responses rather than inducing immunosuppression [65]. Our
results point out that pure celastrol used in the AIA rat model is not associated with increased
risk of infections, have no hepatotoxicity or nephrotoxicity, suggesting that at least for short-
term RA treatment, celastrol might be a safe drug.
Overall, our results validate celastrol as a promising compound for the treatment of inflam-
mation and inflammation-induced bone damage and provide relevant insights into the usage
of celastrol as a future drug for RA. It would be interesting to extend this knowledge by study-
ing the anti-arthritic properties of celastrol in vivo using different animal models of arthritis,
namely the CIA model, and evaluate differences in efficacy depending on animal gender.
Supporting Information
S1 Fig. Ankle perimeter kinetics. Celastrol was administered to AIA rats both in the early (4
days after disease induction) and late (11 days after disease induction) phases of arthritis devel-
opment. Notice that after 7 days of treatment celastrol early-treated rats presented an ankle
perimeter similar to the healthy control, whereas arthritic rats started to increase left ankle
edema/swelling sharply. In the celastrol late-treated group, ankle swelling started to increase in
parallel to the augment of the inflammatory score, but after treatment was initiated ankle
perimeter started to significantly decrease. Data are expressed as median with interquartile
range. Differences were considered statistically significant for p-values<0.05, according to the
Kruskal-Wallis (Dunn´s Multiple Comparison tests) and Mann–Whitney tests. Healthy
N = 19, Arthritic N = 23, Celastrol early group N = 15 and Celastrol late group N = 15.
(TIF)
S2 Fig. Administration of pure celastrol induces no hepatic or renal toxicity. At day 22 after
disease induction no hepatocellular or renal lesion was observed in any of the animals. Liver
and kidney samples from all animals were analyzed by a pathologist blinded to experimental
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groups but only representative histological sections are shown. H&E staining; Magnifications
of 100×. Bar: 300 μm.
(TIF)
S3 Fig. Celastrol treatment has no effect on body weight.Notice that no weight loss was
observed due to celastrol administration. In contrast, there was an association between disease
activity and weight loss, which was highlighted in late-treated rats that started to lose weight
due to disease activity (day 4 up to day 11) and after treatment was initiated no more weight
loss was observed (day 11 up to day 22). Data are expressed as median with interquartile range.
Differences were considered statistically significant for p-values<0.05, according to the Mann–
Whitney tests.
(TIF)
S4 Fig. Celastrol has no effect in the serum levels of IL-1β, IL-17 and TNF in arthritic rats.
Data are expressed as median with interquartile range. Differences were considered statistically
significant for p-values<0.05, according to the Kruskal-Wallis (Dunn´s Multiple Comparison
tests) and Mann–Whitney tests. Healthy N = 19, Arthritic N = 23, Celastrol early group N = 15
and Celastrol late group N = 15.
(TIF)
Acknowledgments
The authors would like to acknowledge Ana Lopes, the Histology and Comparative Pathology
Laboratory and the Bioimaging Facility from Instituto de Medicina Molecular for technical
assistance.
Author Contributions
Conceived and designed the experiments: RC LFM JEF. Performed the experiments: RC BV
IPL EP JR. Analyzed the data: RC BV IPL EP. Contributed reagents/materials/analysis tools: JR
JEF. Wrote the paper: RC LFM JEF.
References
1. Gorman CL, Cope AP. Immune-mediated pathways in chronic inflammatory arthritis. Best practice &
research Clinical rheumatology. 2008; 22(2):221–38.
2. Hahn B. A pathophysiologic approach to the clinical management of arthritis and pain: current and
future implications. Journal of clinical rheumatology: practical reports on rheumatic & musculoskeletal
diseases. 2004; 10(3 Suppl):S3–4.
3. Plasqui G. The role of physical activity in rheumatoid arthritis. Physiology & behavior. 2008; 94(2):270–
5.
4. Steiner G, Tohidast-Akrad M, Witzmann G, Vesely M, Studnicka-Benke A, Gal A, et al. Cytokine pro-
duction by synovial T cells in rheumatoid arthritis. Rheumatology. 1999; 38(3):202–13. PMID:
10325658
5. Astry B, Harberts E, Moudgil KD. A cytokine-centric view of the pathogenesis and treatment of autoim-
mune arthritis. Journal of interferon & cytokine research: the official journal of the International Society
for Interferon and Cytokine Research. 2011; 31(12):927–40.
6. Boyce BF, Xing L. Functions of RANKL/RANK/OPG in bone modeling and remodeling. Archives of bio-
chemistry and biophysics. 2008; 473(2):139–46. doi: 10.1016/j.abb.2008.03.018 PMID: 18395508
7. Karmakar S, Kay J, Gravallese EM. Bone damage in rheumatoid arthritis: mechanistic insights and
approaches to prevention. Rheumatic diseases clinics of North America. 2010; 36(2):385–404. doi: 10.
1016/j.rdc.2010.03.003 PMID: 20510240
8. Kotake S, Udagawa N, Takahashi N, Matsuzaki K, Itoh K, Ishiyama S, et al. IL-17 in synovial fluids from
patients with rheumatoid arthritis is a potent stimulator of osteoclastogenesis. The Journal of clinical
investigation. 1999; 103(9):1345–52. PMID: 10225978
Celastrol Decreases CD68 Synovial Macrophages in Arthritis
PLOS ONE | DOI:10.1371/journal.pone.0142448 December 11, 2015 14 / 18
9. Schett G. Rheumatoid arthritis: inflammation and bone loss. Wiener medizinischeWochenschrift.
2006; 156(1–2):34–41. PMID: 16465612
10. Xu S, Wang Y, Lu J, Xu J. Osteoprotegerin and RANKL in the pathogenesis of rheumatoid arthritis-
induced osteoporosis. Rheumatology international. 2012; 32(11):3397–403. doi: 10.1007/s00296-011-
2175-5 PMID: 22057136
11. Gravallese EM, Manning C, Tsay A, Naito A, Pan C, Amento E, et al. Synovial tissue in rheumatoid
arthritis is a source of osteoclast differentiation factor. Arthritis and rheumatism. 2000; 43(2):250–8.
PMID: 10693863
12. Fonseca JE, Canhao H, Tavares NJ, Cruz M, Branco J, Queiroz MV. Persistent low grade synovitis
without erosive progression in magnetic resonance imaging of rheumatoid arthritis patients treated with
infliximab over 1 year. Clinical rheumatology. 2009; 28(10):1213–6. doi: 10.1007/s10067-009-1207-y
PMID: 19504146
13. Joosten LA, Helsen MM, Saxne T, van De Loo FA, Heinegard D, van Den Berg WB. IL-1 alpha beta
blockade prevents cartilage and bone destruction in murine type II collagen-induced arthritis, whereas
TNF-alpha blockade only ameliorates joint inflammation. Journal of immunology. 1999; 163(9):5049–
55.
14. Smolen JS, Han C, Bala M, Maini RN, Kalden JR, van der Heijde D, et al. Evidence of radiographic ben-
efit of treatment with infliximab plus methotrexate in rheumatoid arthritis patients who had no clinical
improvement: a detailed subanalysis of data from the anti-tumor necrosis factor trial in rheumatoid
arthritis with concomitant therapy study. Arthritis and rheumatism. 2005; 52(4):1020–30. PMID:
15818697
15. Singh JA, Furst DE, Bharat A, Curtis JR, Kavanaugh AF, Kremer JM, et al. 2012 update of the 2008
American College of Rheumatology recommendations for the use of disease-modifying antirheumatic
drugs and biologic agents in the treatment of rheumatoid arthritis. Arthritis care & research. 2012; 64
(5):625–39.
16. Vivar N, Van Vollenhoven RF. Advances in the treatment of rheumatoid arthritis. F1000prime reports.
2014; 6:31. doi: 10.12703/P6-31 PMID: 24860653
17. Cascao R, Vidal B, Raquel H, Neves-Costa A, Figueiredo N, Gupta V, et al. Effective treatment of rat
adjuvant-induced arthritis by celastrol. Autoimmunity reviews. 2012; 11(12):856–62. doi: 10.1016/j.
autrev.2012.02.022 PMID: 22415021
18. Cascao R, Moura RA, Perpetuo I, Canhao H, Vieira-Sousa E, Mourao AF, et al. Identification of a cyto-
kine network sustaining neutrophil and Th17 activation in untreated early rheumatoid arthritis. Arthritis
research & therapy. 2010; 12(5):R196.
19. Li H, Zhang YY, Tan HW, Jia YF, Li D. Therapeutic effect of tripterine on adjuvant arthritis in rats. Jour-
nal of ethnopharmacology. 2008; 118(3):479–84. doi: 10.1016/j.jep.2008.05.028 PMID: 18577440
20. Venkatesha SH, Astry B, Nanjundaiah SM, Yu H, Moudgil KD. Suppression of autoimmune arthritis by
Celastrus-derived Celastrol through modulation of pro-inflammatory chemokines. Bioorganic & medici-
nal chemistry. 2012; 20(17):5229–34.
21. Kusy S, Ghosn EE, Herzenberg LA, Contag CH. Development of B cells and erythrocytes is specifically
impaired by the drug celastrol in mice. PloS one. 2012; 7(4):e35733. doi: 10.1371/journal.pone.
0035733 PMID: 22545133
22. Nanjundaiah SM, Venkatesha SH, Yu H, Tong L, Stains JP, Moudgil KD. Celastrus and its bioactive
celastrol protect against bone damage in autoimmune arthritis by modulating osteoimmune cross-talk.
The Journal of biological chemistry. 2012; 287(26):22216–26. doi: 10.1074/jbc.M112.356816 PMID:
22549786
23. Gerlag DM, Haringman JJ, Smeets TJ, Zwinderman AH, Kraan MC, Laud PJ, et al. Effects of oral pred-
nisolone on biomarkers in synovial tissue and clinical improvement in rheumatoid arthritis. Arthritis and
rheumatism. 2004; 50(12):3783–91. PMID: 15593225
24. Yanni G, Nabil M, Farahat MR, Poston RN, Panayi GS. Intramuscular gold decreases cytokine expres-
sion and macrophage numbers in the rheumatoid synovial membrane. Annals of the rheumatic dis-
eases. 1994; 53(5):315–22. PMID: 8017985
25. Smith MD, Kraan MC, Slavotinek J, Au V, Weedon H, Parker A, et al. Treatment-induced remission in
rheumatoid arthritis patients is characterized by a reduction in macrophage content of synovial biop-
sies. Rheumatology. 2001; 40(4):367–74. PMID: 11312372
26. Dolhain RJ, Tak PP, Dijkmans BA, De Kuiper P, Breedveld FC, Miltenburg AM. Methotrexate reduces
inflammatory cell numbers, expression of monokines and of adhesion molecules in synovial tissue of
patients with rheumatoid arthritis. British journal of rheumatology. 1998; 37(5):502–8. PMID: 9651076
27. Kraan MC, Reece RJ, Barg EC, Smeets TJ, Farnell J, Rosenburg R, et al. Modulation of inflammation
and metalloproteinase expression in synovial tissue by leflunomide and methotrexate in patients with
active rheumatoid arthritis. Findings in a prospective, randomized, double-blind, parallel-design clinical
Celastrol Decreases CD68 Synovial Macrophages in Arthritis
PLOS ONE | DOI:10.1371/journal.pone.0142448 December 11, 2015 15 / 18
trial in thirty-nine patients at two centers. Arthritis and rheumatism. 2000; 43(8):1820–30. PMID:
10943872
28. Smeets TJ, Kraan MC, van Loon ME, Tak PP. Tumor necrosis factor alpha blockade reduces the syno-
vial cell infiltrate early after initiation of treatment, but apparently not by induction of apoptosis in syno-
vial tissue. Arthritis and rheumatism. 2003; 48(8):2155–62. PMID: 12905468
29. Taylor PC, Peters AM, Paleolog E, Chapman PT, Elliott MJ, McCloskey R, et al. Reduction of chemo-
kine levels and leukocyte traffic to joints by tumor necrosis factor alpha blockade in patients with rheu-
matoid arthritis. Arthritis and rheumatism. 2000; 43(1):38–47. PMID: 10643698
30. Thurlings RM, Vos K, Wijbrandts CA, Zwinderman AH, Gerlag DM, Tak PP. Synovial tissue response
to rituximab: mechanism of action and identification of biomarkers of response. Annals of the rheumatic
diseases. 2008; 67(7):917–25. PMID: 17965121
31. Cunnane G, Madigan A, Murphy E, FitzGerald O, Bresnihan B. The effects of treatment with interleu-
kin-1 receptor antagonist on the inflamed synovial membrane in rheumatoid arthritis. Rheumatology.
2001; 40(1):62–9. PMID: 11157143
32. Bresnihan B, Pontifex E, Thurlings RM, Vinkenoog M, El-Gabalawy H, Fearon U, et al. Synovial tissue
sublining CD68 expression is a biomarker of therapeutic response in rheumatoid arthritis clinical trials:
consistency across centers. The Journal of rheumatology. 2009; 36(8):1800–2. doi: 10.3899/jrheum.
090348 PMID: 19671815
33. Haringman JJ, Gerlag DM, Smeets TJ, Baeten D, van den Bosch F, Bresnihan B, et al. A randomized
controlled trial with an anti-CCL2 (anti-monocyte chemotactic protein 1) monoclonal antibody in
patients with rheumatoid arthritis. Arthritis and rheumatism. 2006; 54(8):2387–92. PMID: 16869001
34. Wijbrandts CA, Vergunst CE, Haringman JJ, Gerlag DM, Smeets TJ, Tak PP. Absence of changes in
the number of synovial sublining macrophages after ineffective treatment for rheumatoid arthritis: Impli-
cations for use of synovial sublining macrophages as a biomarker. Arthritis and rheumatism. 2007; 56
(11):3869–71. PMID: 17968928
35. Haringman JJ, Gerlag DM, Zwinderman AH, Smeets TJ, Kraan MC, Baeten D, et al. Synovial tissue
macrophages: a sensitive biomarker for response to treatment in patients with rheumatoid arthritis.
Annals of the rheumatic diseases. 2005; 64(6):834–8. PMID: 15576415
36. LaBranche TP, Jesson MI, Radi ZA, Storer CE, Guzova JA, Bonar SL, et al. JAK inhibition with tofaciti-
nib suppresses arthritic joint structural damage through decreased RANKL production. Arthritis and
rheumatism. 2012; 64(11):3531–42. doi: 10.1002/art.34649 PMID: 22899318
37. Kim HY, Lee SW, Park SY, Baek SH, Lee CW, Hong KW, et al. Efficacy of concurrent administration of
cilostazol and methotrexate in rheumatoid arthritis: pharmacologic and clinical significance. Life sci-
ences. 2012; 91(7–8):250–7. doi: 10.1016/j.lfs.2012.07.003 PMID: 22820172
38. Ma Y, Wang X, Wu X, Wei X, Ma L, Zheng H, et al. (Z)-5-(4-methoxybenzylidene) thiazolidine-2, 4-
dione ameliorates the adjuvant-induced arthritis via inhibiting the migration of macrophage and down-
regulating the cytokine mRNA expression. International immunopharmacology. 2010; 10(11):1456–62.
doi: 10.1016/j.intimp.2010.08.022 PMID: 20837171
39. Chen SY, Wu CL, Lai MD, Lin CC, Yo YT, Jou IM, et al. Amelioration of rat collagen-induced arthritis
through CD4+ T cells apoptosis and synovial interleukin-17 reduction by indoleamine 2,3-dioxygenase
gene therapy. Human gene therapy. 2011; 22(2):145–54. doi: 10.1089/hum.2009.217 PMID:
20825285
40. Le Goff B, Soltner E, Charrier C, Maugars Y, Redini F, Heymann D, et al. A combination of methotrexate
and zoledronic acid prevents bone erosions and systemic bone mass loss in collagen induced arthritis.
Arthritis research & therapy. 2009; 11(6):R185.
41. Zhang J, Li CY, Xu MJ, Wu T, Chu JH, Liu SJ, et al. Oral bioavailability and gender-related pharmacoki-
netics of celastrol following administration of pure celastrol and its related tablets in rats. Journal of eth-
nopharmacology. 2012; 144(1):195–200. doi: 10.1016/j.jep.2012.09.005 PMID: 22982018
42. Stolina M, Bolon B, Middleton S, Dwyer D, Brown H, Duryea D, et al. The evolving systemic and local
biomarker milieu at different stages of disease progression in rat adjuvant-induced arthritis. J Clin
Immunol. 2009; 29(2):158–74. doi: 10.1007/s10875-008-9238-8 PMID: 18726678
43. da Silva JA, Fonseca JE, Graca L, Moita L, Carmo-Fonseca M. Reinnervation of post-arthritic joints in
the rat. Clinical and experimental rheumatology. 1996; 14(1):43–51. PMID: 8697656
44. Tsubaki T, Arita N, Kawakami T, Shiratsuchi T, Yamamoto H, Takubo N, et al. Characterization of histo-
pathology and gene-expression profiles of synovitis in early rheumatoid arthritis using targeted biopsy
specimens. Arthritis research & therapy. 2005; 7(4):R825–36.
45. Sims NA, Green JR, Glatt M, Schlict S, Martin TJ, Gillespie MT, et al. Targeting osteoclasts with zole-
dronic acid prevents bone destruction in collagen-induced arthritis. Arthritis and rheumatism. 2004; 50
(7):2338–46. PMID: 15248235
Celastrol Decreases CD68 Synovial Macrophages in Arthritis
PLOS ONE | DOI:10.1371/journal.pone.0142448 December 11, 2015 16 / 18
46. Brauer R, Kittlick PD, Thoss K, Henzgen S. Different immunological mechanisms contribute to cartilage
destruction in antigen-induced arthritis. Experimental and toxicologic pathology: official journal of the
Gesellschaft fur Toxikologische Pathologie. 1994; 46(4–5):383–8.
47. Bendele AM, Chlipala ES, Scherrer J, Frazier J, Sennello G, Rich WJ, et al. Combination benefit of
treatment with the cytokine inhibitors interleukin-1 receptor antagonist and PEGylated soluble tumor
necrosis factor receptor type I in animal models of rheumatoid arthritis. Arthritis and rheumatism. 2000;
43(12):2648–59. PMID: 11145022
48. Vidal B, Cascao R, Vale AC, Cavaleiro I, Vaz MF, Brito JA, et al. Arthritis induces early bone high turn-
over, structural degradation and mechanical weakness. PloS one. 2015; 10(1):e0117100. doi: 10.1371/
journal.pone.0117100 PMID: 25617902
49. Zhu X, Zhang J, Huo R, Lin J, Zhou Z, Sun Y, et al. Evaluation of the efficacy and safety of different Trip-
terygium preparations on collagen-induced arthritis in rats. Journal of ethnopharmacology. 2014; 158
Pt A:283–90. doi: 10.1016/j.jep.2014.10.021 PMID: 25456434
50. Nawroth PP, Bank I, Handley D, Cassimeris J, Chess L, Stern D. Tumor necrosis factor/cachectin inter-
acts with endothelial cell receptors to induce release of interleukin 1. The Journal of experimental medi-
cine. 1986; 163(6):1363–75. PMID: 3011946
51. Venkatesha SH, Yu H, Rajaiah R, Tong L, Moudgil KD. Celastrus-derived celastrol suppresses autoim-
mune arthritis by modulating antigen-induced cellular and humoral effector responses. The Journal of
biological chemistry. 2011; 286(17):15138–46. doi: 10.1074/jbc.M111.226365 PMID: 21402700
52. Astry B, Venkatesha SH, Laurence A, Christensen-Quick A, Garzino-Demo A, Frieman MB, et al.
Celastrol, a Chinese herbal compound, controls autoimmune inflammation by altering the balance of
pathogenic and regulatory T cells in the target organ. Clinical immunology. 2015; 157(2):228–38. doi:
10.1016/j.clim.2015.01.011 PMID: 25660987
53. Idris AI, Krishnan M, Simic P, Landao-Bassonga E, Mollat P, Vukicevic S, et al. Small molecule inhibi-
tors of IkappaB kinase signaling inhibit osteoclast formation in vitro and prevent ovariectomy-induced
bone loss in vivo. FASEB journal: official publication of the Federation of American Societies for Experi-
mental Biology. 2010; 24(11):4545–55.
54. Gan K, Xu L, Feng X, Zhang Q, Wang F, Zhang M, et al. Celastrol attenuates bone erosion in collagen-
Induced arthritis mice and inhibits osteoclast differentiation and function in RANKL-induced RAW264.7.
International immunopharmacology. 2015; 24(2):239–46. doi: 10.1016/j.intimp.2014.12.012 PMID:
25529994
55. Li G, Liu D, Zhang Y, Qian Y, Zhang H, Guo S, et al. Celastrol inhibits lipopolysaccharide-stimulated
rheumatoid fibroblast-like synoviocyte invasion through suppression of TLR4/NF-kappaB-mediated
matrix metalloproteinase-9 expression. PloS one. 2013; 8(7):e68905. doi: 10.1371/journal.pone.
0068905 PMID: 23861949
56. Vieira-Sousa E, Gerlag DM, Tak PP. Synovial tissue response to treatment in rheumatoid arthritis. The
open rheumatology journal. 2011; 5:115–22. doi: 10.2174/1874312901105010115 PMID: 22279510
57. Fonseca JE, Edwards JC, Blades S, Goulding NJ. Macrophage subpopulations in rheumatoid syno-
vium: reduced CD163 expression in CD4+ T lymphocyte-rich microenvironments. Arthritis and rheuma-
tism. 2002; 46(5):1210–6. PMID: 12115225
58. Li GQ, Zhang Y, Liu D, Qian YY, Zhang H, Guo SY, et al. Celastrol inhibits interleukin-17A-stimulated
rheumatoid fibroblast-like synoviocyte migration and invasion through suppression of NF-kappaB-
mediated matrix metalloproteinase-9 expression. International immunopharmacology. 2012; 14
(4):422–31. doi: 10.1016/j.intimp.2012.08.016 PMID: 22954486
59. Suzuki M, Hashizume M, Yoshida H, Shiina M, Mihara M. IL-6 and IL-1 synergistically enhanced the
production of MMPs from synovial cells by up-regulating IL-6 production and IL-1 receptor I expression.
Cytokine. 2010; 51(2):178–83. doi: 10.1016/j.cyto.2010.03.017 PMID: 20403707
60. Mihara M, Moriya Y, Kishimoto T, Ohsugi Y. Interleukin-6 (IL-6) induces the proliferation of synovial
fibroblastic cells in the presence of soluble IL-6 receptor. British journal of rheumatology. 1995; 34
(4):321–5. PMID: 7788145
61. Romano M, Sironi M, Toniatti C, Polentarutti N, Fruscella P, Ghezzi P, et al. Role of IL-6 and its soluble
receptor in induction of chemokines and leukocyte recruitment. Immunity. 1997; 6(3):315–25. PMID:
9075932
62. Lee JH, Koo TH, Yoon H, Jung HS, Jin HZ, Lee K, et al. Inhibition of NF-kappa B activation through tar-
geting I kappa B kinase by celastrol, a quinone methide triterpenoid. Biochemical pharmacology. 2006;
72(10):1311–21. PMID: 16984800
63. Tas SW, Vervoordeldonk MJ, Hajji N, May MJ, Ghosh S, Tak PP. Local treatment with the selective
IkappaB kinase beta inhibitor NEMO-binding domain peptide ameliorates synovial inflammation. Arthri-
tis research & therapy. 2006; 8(4):R86.
Celastrol Decreases CD68 Synovial Macrophages in Arthritis
PLOS ONE | DOI:10.1371/journal.pone.0142448 December 11, 2015 17 / 18
64. Vincenti MP, Coon CI, Brinckerhoff CE. Nuclear factor kappaB/p50 activates an element in the distal
matrix metalloproteinase 1 promoter in interleukin-1beta-stimulated synovial fibroblasts. Arthritis and
rheumatism. 1998; 41(11):1987–94. PMID: 9811054
65. Yu H, Venkatesha SH, Moudgil KD. Microarray-based gene expression profiling reveals the mediators
and pathways involved in the anti-arthritic activity of Celastrus-derived Celastrol. International immuno-
pharmacology. 2012; 13(4):499–506. doi: 10.1016/j.intimp.2012.05.015 PMID: 22664142
Celastrol Decreases CD68 Synovial Macrophages in Arthritis
PLOS ONE | DOI:10.1371/journal.pone.0142448 December 11, 2015 18 / 18
Arthritis Research & Therapy
 




Full Title: Celastrol preserves bone structure and mechanics in arthritic rats
Article Type: Research article
Section/Category: Pharmacology and Therapeutics





Prof Luis F. Moita
Abstract: Background: Rheumatoid arthritis (RA) is characterized by chronic inflammation
leading to articular bone and cartilage damage. Despite recent progress in RA
management, adverse effects, lack of efficacy and economic barriers to treatment
access still limit therapeutic success, which means that RA is currently an unremitting
and debilitating disease. Therefore, safer and less expensive treatments that control
inflammation and bone resorption are needed. We have previously shown that
celastrol is a candidate for RA treatment based on its anti-inflammatory properties and
ability to decrease synovial CD68 macrophages. Herein our goal was to evaluate the
effect of celastrol in local and systemic bone loss. Methods: Celastrol was
administrated intraperitoneally at a dose of 1µg/g/day to female Wistar adjuvant-
induced arthritis (AIA) rats. Rats were sacrificed after 22 days of disease progression
and blood, femurs, tibias and paw samples were collected for the quantification of bone
remodeling markers, 3-point bending test, micro-computed tomography analysis, and
immunohistochemical evaluation. Results: We have observed that celastrol preserved
articular structures and decreased the number of osteoclasts and osteoblasts present
in arthritic joints. Moreover, celastrol reduced TRACP-5b, P1NP and CTX-II levels.
Importantly, celastrol prevented bone loss and bone microarchitecture degradation,
with an increase in trabecular bone volume fraction and endosteal bone quantity.
Animals treated with celastrol also have less fragile bones, as depicted by an increase
in maximum load and yield displacement. Conclusions: These results suggest that
celastrol reduces both bone resorption and cartilage degradation, and preserves bone
structure and mechanics.
Corresponding Author: Rita Cascão, PhD




Corresponding Author's Institution: Instituto de Medicina Molecular
Corresponding Author's Secondary
Institution:
First Author: Rita Cascão, PhD
First Author Secondary Information:
Order of Authors: Rita Cascão, PhD
Bruno Vidal





Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation
Order of Authors Secondary Information:
Opposed Reviewers:
Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation
1 
 
Celastrol preserves bone structure and mechanics in arthritic rats 1 
 2 
Rita Cascão1*, Bruno Vidal1*, Mikko A. J. Finnilä2,3, Inês P. Lopes1, Simo Saarakkala2,4,5, 3 
Luis F. Moita6,a, João E. Fonseca1,7,a  4 
 5 
1 Instituto de Medicina Molecular, Faculdade de Medicina, Universidade de Lisboa, Lisbon, 6 
Portugal 7 
2 Research Unit of Medical Imaging, Physics and Technology, Faculty of Medicine, 8 
University of Oulu, Oulu, Finland 9 
3 Department of Applied Physics, University of Eastern Finland, Kuopio, Finland  10 
4 Medical Research Center Oulu, Oulu University Hospital and University of Oulu, Oulu, 11 
Finland 12 
5 Department of Diagnostic Radiology, Oulu University Hospital, Oulu, Finland 13 
6 Instituto Gulbenkian de Ciência, Oeiras, Portugal 14 
7 Rheumatology Department, Centro Hospitalar de Lisboa Norte, EPE, Hospital de Santa 15 
Maria, Lisbon Academic Medical Centre, Lisbon, Portugal 16 
* Contributed equally 17 
a Joint senior authors 18 
 19 
E-mail address of all authors: 20 
Rita Cascão - ritacascao@medicina.ulisboa.pt 21 
Bruno Vidal - bvidal@medicina.ulisboa.pt 22 
Mikko A. J. Finnilä - mikko.finnila@oulu.fi 23 
Inês P. Lopes - ilopes@medicina.ulisboa.pt 24 
Simo Saarakkala - simo.saarakkala@oulu.fi 25 
Manuscript Click here to download Manuscript Cascao R et al
manuscript.doc




































































Luis F. Moita - lmoita@igc.gulbenkian.pt 26 
João E. Fonseca - jecfonseca@gmail.com 27 
 28 
Corresponding author: 29 
Full name – Rita Cascão 30 
Address – Instituto de Medicina Molecular, Edifício Egas Moniz, Faculdade de Medicina da 31 
Universidade de Lisboa, Av. Professor Egas Moniz, Lisboa, 1649-028, Portugal 32 
E-mail – ritacascao@medicina.ulisboa.pt 33 




Background: Rheumatoid arthritis (RA) is characterized by chronic inflammation leading to 38 
articular bone and cartilage damage. Despite recent progress in RA management, adverse 39 
effects, lack of efficacy and economic barriers to treatment access still limit therapeutic 40 
success, which means that RA is currently an unremitting and debilitating disease. Therefore, 41 
safer and less expensive treatments that control inflammation and bone resorption are needed. 42 
We have previously shown that celastrol is a candidate for RA treatment based on its anti-43 
inflammatory properties and ability to decrease synovial CD68 macrophages. Herein our goal 44 
was to evaluate the effect of celastrol in local and systemic bone loss. Methods: Celastrol was 45 
administrated intraperitoneally at a dose of 1µg/g/day to female Wistar adjuvant-induced 46 
arthritis (AIA) rats. Rats were sacrificed after 22 days of disease progression and blood, 47 
femurs, tibias and paw samples were collected for the quantification of bone remodeling 48 
markers, 3-point bending test, micro-computed tomography analysis, and 49 




































































articular structures and decreased the number of osteoclasts and osteoblasts present in arthritic 51 
joints. Moreover, celastrol reduced TRACP-5b, P1NP and CTX-II levels. Importantly, 52 
celastrol prevented bone loss and bone microarchitecture degradation, with an increase in 53 
trabecular bone volume fraction and endosteal bone quantity. Animals treated with celastrol 54 
also have less fragile bones, as depicted by an increase in maximum load and yield 55 
displacement. Conclusions: These results suggest that celastrol reduces both bone resorption 56 
and cartilage degradation, and preserves bone structure and mechanics. 57 
 58 
KEYWORDS: Rheumatoid arthritis, Adjuvant-induced arthritis, Celastrol, Inflammation, 59 




Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease with an 64 
estimated worldwide prevalence of 1%. This disease has a great impact on both individuals 65 
and society. RA patients are ten times more likely to be disabled, have three times more direct 66 
healthcare costs and are also two times more likely to require hospitalization than healthy 67 
individuals[1, 2]. RA is characterized by chronic edema and inflammation of the synovial 68 
tissue that lines joints. As disease progresses, cartilage and bone are damaged leading to 69 
articular destruction[3]. This periarticular and systemic bone loss leads to an increased risk of 70 
fracture in RA patients[4, 5]. Bone loss in RA results from an imbalance between the 71 
osteoblastic synthesis and osteoclastic degradation of bone, with bone resorption dominating 72 
over bone formation leading to systemic osteopenia[6]. 73 
Over the past 2 decades, more effective therapies for RA have been developed, but they still 74 




































































patients reach remission, leaving most of the individuals affected by a chronic unremitting 76 
destructive disease, with the need for nonsteroidal anti-inflammatory drugs and 77 
corticosteroids for symptoms control[7]. Moreover, current treatment approaches primarily 78 
target inflammation with varying success in limiting the progression of bone damage[8]. 79 
Therefore, new therapies targeting both inflammatory processes and bone resorption, with a 80 
good safety profile and low production costs are still an unmet medical need in the field of 81 
RA. 82 
We have previously reported increased levels of IL-1β in very recent onset arthritis and in the 83 
synovial fluid of established RA patients[9]. This may be explained by the activation of 84 
caspase-1, responsible for the processing of pro-IL-1β, which we have also observed to be 85 
increased since early RA[10]. Through an in vitro drug screening using the THP-1 86 
macrophagic cell line, we have identified compounds that decrease the production of IL-1β 87 
together with a reduction in another central pro-inflammatory cytokine of RA 88 
physiopathology, TNF. Among them, celastrol was a promising therapeutic candidate for 89 
arthritis, due to its ability to downregulate the production of IL-1β and TNF, by inhibiting 90 
both the activation of caspase-1 and NF-kB[11]. Celastrol is a pentacyclic-triterpene extracted 91 
from a plant used in traditional Chinese medicine, the Trypterigium wilfordii Hook. In vivo, 92 
we have recently described that celastrol has significant anti-inflammatory and anti-93 
proliferative properties, with a decrease in the overall synovial inflammatory cellularity and, 94 
most importantly, in the number of sublining CD68 positive macrophages, a biomarker of 95 
drug efficacy in RA[11, 12]. In this study we have now hypothesized that celastrol is able to 96 
control, not only inflammation, but also focal and systemic bone resorption that occurs in 97 
arthritis.  98 
Our aim in the herein study was to evaluate the ability of celastrol to counteract bone loss in 99 




































































animal model for the evaluation of experimental compounds for RA treatment[13, 14]. We 101 
have recently documented that this is also an adequate model to study the impact of new 102 
compounds on bone[15]. In this work, celastrol administration was introduced therapeutically 103 
both at the early (preclinical stage) and late (clinical stage peak) phases of arthritis 104 
development to more closely model the clinical practice, with a complete analysis of bone 105 
quality.  106 
 107 
MATERIALS AND METHODS 108 
Animals 109 
Eight-week-old female Wistar AIA rats weighing 230-250gr were purchased from Charles 110 
River Laboratories International (Massachusetts, USA). AIA rats were maintained in specific 111 
pathogen free (SPF) facilities, randomly housed per groups under standard laboratory 112 
conditions (at 20-22°C under 10-hour light/14-hour dark), and given free access to food 113 
(RM3, SDS diets, UK) and water (ultrapure). In addition, to minimize animal discomfort it 114 
was used paper shavings as bedding material in Double Decker GR1800 cages (Techniplast, 115 
UK) with 5 animals each. In accordance with Directive 2010/63/EU, all animal procedures 116 
were approved by the institutional animal welfare body (ORBEA-iMM) and licensed by the 117 
Portuguese competent authority (DGAV – Direcção Geral de Alimentação e Veterinária). 118 
Human end-points were established and animals were sacrificed when presenting the 119 
maximum inflammatory score (0-3)[16] in more than 2 paws or when presenting more than 120 
20% of body weight loss. 121 
 122 
Celastrol treatment 123 
The dose of celastrol (1μg/g/day) used in this study was based on that used in our previous 124 




































































suppressing synovial inflammation in the AIA rat model, with no evidence of drug-induced 126 
toxicity[12]. Celastrol (Sigma, Missouri, USA) stock solution of 100mg/ml in DMSO was 127 
dissolved in normal saline solution and injected intraperitoneally in the early treatment group 128 
of AIA rats since the 4th day of disease induction (N=15) and in the late treatment group 129 
since the 11th day of disease induction (N=15), and was maintained until day 22. Studies 130 
using the AIA model are generally completed at this time point due to a plateau effect of 131 
inflammatory manifestations. A group of healthy non-arthritic and arthritic untreated female 132 
age-matched Wistar rats sacrificed at day 4 (baseline for the celastrol early-treated group, at 133 
preclinical stage, N=5-13), day 11 (baseline for the celastrol late-treated group, at acute 134 
clinical stage, N=5-17) and day 22 after disease induction (chronic clinical stage) were used 135 
as controls in all experiments. The sample size in each group was calculated using free sample 136 
size calculating G*Power version 3.1.9.2 software (Type of power analysis: a priori; α err 137 
prob: 0.05; power (1-β err prob): 0.95; Effect size d: 1.526112; Actual power: 0.9576654). At 138 
the preclinical AIA progression stage evidence of inflammation or bone erosions is still 139 
lacking in the contralateral hind paw and fore paws. Hind paw swelling, inflammation and 140 
joint erosions steadily progress during acute clinical stage and reach a plateau in the chronic 141 
stage[18]. Rats were sacrificed by CO2 narcosis and blood, femurs, tibias and paw samples 142 
were collected.  143 
 144 
Immunohistochemical staining of cathepsin k and osteocalcin positive cells in hind paws 145 
Left hind paw samples collected at the time of sacrifice were fixed immediately in 10% 146 
neutral buffered formalin solution and then decalcified in 10% formic acid. Samples were 147 
next dehydrated and embedded in paraffin, serially sectioned at a thickness of 5m using a 148 
microtome, and mounted on microscope slides. Immunolocalization of osteoclasts and 149 




































































enzyme. Biorbyt, Cambridge, UK) and osteocalcin (osteoblast marker; indicator of 151 
osteoblastic activity. Abcam, Cambridge, UK) primary antibodies followed by EnVision+ 152 
(Dako, Glostrup, Denmark). Color was developed in solution containing diaminobenzadine-153 
tetrahydrochloride (DAB, Sigma, Missouri, USA), 0.5% H2O2 in phosphate-buffered saline 154 
buffer (pH 7.6). Slides were counterstained with hematoxylin and mounted. 155 
Immunohistochemical evaluation of rat joints was performed in a blinded fashion using a 156 
semi-quantitative score of 0-3 (0 — 0-25% staining; 1 — 25-50% staining; 2 — 50-75% 157 
staining; 3 — more than 75% staining)[19]. Slides were analyzed using a Leica DM2500 158 
microscope (Leica Microsystems, Wetzlar, Germany). 159 
 160 
Serum biochemical measurement of bone and cartilage turnover markers 161 
Bone and cartilage turnover were analyzed by quantifying the levels of TRACP-5b (Tartrate-162 
resistant acid phosphatase 5b), P1NP (procollagen type 1 amino-terminal propeptide) and 163 
CTX-II (C-terminal crosslinked telopeptide of type II collagen) in rat serum using ELISA 164 
(Immunodiagnostic System, Boldon, UK). All of the commercial assays were performed 165 
according to the manufacturers' instructions and standard curves were generated using 166 
supplied reference concentrations. Samples were measured using a plate reader Infinite M200 167 
(Tecan, Mannedorf, Switzerland). 168 
 169 
Micro-computed tomography (micro-CT) analysis 170 
Structural properties of the trabecular and cortical tibiae were determined with a high-171 
resolution micro-CT system (SkyScan 1272, Bruker micro-CT, Kontich, Belgium). Moist 172 
bones were wrapped in parafilm and covered with dental wax to prevent drying and 173 
movement during the scanning. X-ray tube voltage was set to 50kV and the beam was filtered 174 




































































3.0µm isotropic pixel size and projection images were collected every 0.2°. Density 176 
calibration was performed against hydroxyapatite phantoms with densities of 250mg/cm3 and 177 
750mg/cm3. Image reconstruction was done with NRecon software (v1.6.9.8; Bruker micro-178 
CT, Kontich, Belgium) and appropriate corrections were applied to reduce beam hardening 179 
and ring artifacts. Trabecular bone was manually segmented from cortical bone, and 180 
trabecular bone parameters were analyzed over 1400 slices starting 200 slices distal from 181 
growth plate. Cortical bone parameters were analyzed over 300 slices starting 1800 slices 182 
distal from growth plate. 183 
Analyses were performed in agreement with guidelines for assessment of bone microstructure 184 
in rodents using micro-CT[20]. Trabecular bone morphology was analyzed by applying global 185 
threshold and despeckling to provide binary image for 3D analyzes. Cortical bone ROI was 186 
refined with ROI-shrink wrap operation, which also provided cortical bone shape for 2D 187 
morphological analysis. This was followed by segmentation of blood vessels using adaptive 188 
thresholding. Blood vessels (porosity) were analyzed using 3D morphological analyses. 189 
 190 
3-point bending biomechanical test 191 
In order to investigate bone strength after celastrol treatment, femurs were subjected to a 3-192 
point bending test in a universal testing machine (Instron 3366, Instron Corp., Massachusetts, 193 
USA) with a load-cell of 500N. Femurs were placed horizontally anterior side upwards on a 194 
support with span length of 5mm. The load was applied with a constant speed of 0.005mm/s 195 
until a failure occurred. Stiffness was analyzed by fitting first-degree polynomial function to 196 
the linear part of recorded load deformation data. The breaking point was defined when force 197 






































































Statistical analysis 201 
Statistical differences were determined with non-parametric Mann–Whitney tests using 202 
GraphPad Prism (GraphPad, California, USA). Differences were considered statistically 203 
significant for p<0.05. Data are presented as median with interquartile range. The primary 204 
outcome of this study was to prevent the structural and mechanical damage of bone induced 205 
by inflammation, and the secondary outcome was to treat the structural and mechanical 206 
deterioration of bone in a chronic phase of arthritis development in the AIA rat model.  207 
 208 
RESULTS 209 
Celastrol decreases the number of osteoclasts and osteoblasts present in arthritic joints 210 
Previously, we have observed that celastrol administration significantly reduced disease 211 
severity and suppressed joint bone erosions in arthritic rats, with no observed adverse 212 
effects[12]. At baseline celastrol early-treated group had a mean inflammatory score of 213 
1.5±0.7 and celastrol late-treated group had a mean inflammatory score of 3.9±2.0, with no 214 
differences in body weight comparing to untreated arthritic animals. Arthritic rats showed 215 
enhanced numbers of osteoclasts (cathepsin k+ cells) in the hind paw (p<0.0001 vs healthy 216 
controls, Fig 1). Importantly, celastrol administration significantly lowered the number of 217 
osteoclasts to levels similar to healthy controls (p<0.0001 in both treatment groups vs arthritic 218 
rats). Arthritic rats also showed increased numbers of osteoblasts (osteocalcin+ cells) in the 219 
hind paw (p<0.0001 vs healthy controls, Fig 1). Notably, celastrol administration significantly 220 
reduced the number of osteoblasts (p<0.0001 and p=0.0003 in early and late-treated animals 221 
vs arthritic rats, respectively). 222 
 223 




































































To further elucidate the protective effect of celastrol on inflammation-mediated articular joint 225 
damage, bone and cartilage turnover markers were quantified in serum samples. The levels of 226 
serum TRACP-5b, P1NP and CTX-II of healthy, arthritic and celastrol-treated rats are shown 227 
in Fig 2. In the arthritic group, there was a marked increase of TRACP-5b after 4 days of 228 
disease induction (p=0.0267 vs healthy controls and p=0.0089 vs arthritic rats after 22 days of 229 
disease induction) with a gradual decrease throughout disease progression (Fig 2A), as also 230 
previously described by Stolina et al[21, 22]. In addition, there was a significant increase in 231 
serum P1NP (p=0.0034, Fig 2B) and CTX-II (p=0.0082, Fig 2C), as a consequence of the 232 
high bone turnover and cartilage degradation. Importantly, both in celastrol early and late-233 
treated rats there was a significant reduction in TRACP-5b levels comparing with arthritic rats 234 
(p=0.0004 and p=0.0001, respectively) and with treatment baselines (p=0.0014 vs arthritic 235 
rats at day 4 and p<0.0001 vs arthritic rats at day 11, respectively), suggesting a decrease in 236 
bone resorption. In addition, both treatment groups showed a significant drop in P1NP levels 237 
(p=0.0069 in early-treated and p=0.0135 in late-treated rats vs arthritic animals). Finally, the 238 
decrease in CTX-II (p=0.0149 in celastrol early-treated vs arthritic rats) revealed that 239 
treatment is also effective in protecting cartilage integrity. Of note, although a strong 240 
tendency towards a decrease in CTX-II was observed in celastrol late-treated rats, it did not 241 
reach statistical significance. These results suggest that there is a reduction both in bone and 242 
cartilage degradation in celastrol treated rats. 243 
 244 
Celastrol prevents bone loss and bone microarchitecture degradation in arthritis 245 
The effect of celastrol on inflammation-induced systemic bone loss was assessed by micro-246 
CT analysis of tibial bones (Fig 3). Representative reconstructions of micro-CT analysis of rat 247 
tibiae are shown in Fig 3A. Arthritis progression led to significant reductions in trabecular 248 




































































Fig 3B), and an increase in trabecular separation and porosity (p<0.0001 vs healthy controls, 250 
Fig 3B). Also the structural integrity declines with arthritis, as trabeculae have fewer 251 
connections and have rather rod-like appearance, indicated by increased structure model 252 
index. An 18-day course of therapy with celastrol, starting 4 days after disease induction, 253 
preserved bone mass and integrity, with a significant increase in trabecular bone volume 254 
fraction (+16.6%, p=0.02) and number (+20.3%, p=0.0047) as well as with a decrease in 255 
trabecular separation (-12.9%, p=0.0023) and porosity (-4.5%, p=0.0148) in comparison to 256 
arthritic rats. Importantly, celastrol early-treated rats also showed a significant reduction in 257 
trabecular separation even when comparing with their baseline (-22.1%, p=0.0101 vs arthritic 258 
rats sacrificed at day 4 after disease induction). Celastrol treatment also preserved structural 259 
integrity, as trabeculae have more connections and have less rod-like appearance (p=0.0462 260 
and p=0.0047 in early-treated vs arthritic rats, respectively). Additionally, micro-CT analysis 261 
revealed that trabecular thickness is reduced in arthritic rats (p<0.0001 vs healthy controls), 262 
but there was no effect after celastrol treatment. As depicted in Fig 3B, no effect in trabecular 263 
bone microarchitecture was observed in celastrol late-treated group, except for a significant 264 
reduction in trabecular separation (-10.6%, p=0.0325 vs arthritis rats).  265 
A similar pattern can be observed for cortical bone. Arthritis decreases cortical bone area (-266 
10.8%, p<0.0001) and thickness (-11%, p<0.0001) in arthritic tibias compared to healthy 267 
controls. Although overall cortical porosity is similar between arthritic and healthy controls, 268 
blood vessel channels are significantly wider in arthritic bones compared to controls 269 
(p=0.0146). 270 
As shown in Fig 3C, both treatment approaches affect cortical bone by inhibiting bone 271 
resorption as shown by significantly smaller endosteal volume (-14.5%, p=0.0026 in early-272 
treated and -20.1%, p=0.0017 in late-treated celastrol rats vs arthritic animals). Also both 273 




































































p=0.0001 in late-treated rats) due to a decrease in the number (-17.1%, p=0.0211 in early-275 
treated and -29.7%, p=0.0004 in late-treated animals) and thickness (-3.1%, p=0.0425 in 276 
early-treated and -4.8%, p=0.0026 in late-treated rats) of blood vessel channels and thus 277 
increasing their separation (+7.9%, p=0.180 in early-treated and +14.6%, p=0.0037 in late-278 
treated group) compared to arthritic rats. Of note, both treatment groups significantly showed 279 
an improvement in these cortical parameters when compared with their respective baselines 280 
(p<0.05). 281 
These data show that treatment with celastrol significantly prevented the marked 282 
inflammation-induced bone loss and microarchitecture degradation of AIA rats as pointed out 283 
by the improved trabecular and cortical parameters. 284 
 285 
Celastrol improves bone mechanical properties in arthritic rats 286 
Bone strength of rat femurs was evaluated using the 3-point bending test (Fig 4). There was a 287 
significant reduction in the maximal load that arthritic femurs were able to resist before 288 
breaking as compared to healthy controls (-13.6%, p=0.0017). Early administration of 289 
celastrol restored bone strength and maximal breaking load was increased by 9.4%, when 290 
comparing to arthritic group (p=0.0434, Fig 4A). Late celastrol administration was 291 
insufficient to correct bone damage and these animals showed decreased maximal 292 
deformation and capability to absorb energy, which were significantly reduced by -14.7% 293 
(p=0.0298, Fig 4B) and -18.8% (p=0.0377, Fig 4C), respectively. Additionally, arthritic rats 294 
have a reduction in the yield displacement (-28,3%, p=0.0192 in arthritic rats vs healthy 295 
controls). In contrast, in celastrol early-treated rats there was an increase in the elastic 296 
properties of bone with an augment in yield displacement (+20.7%, p=0.0498 in celastrol 297 
early-treated vs arthritic rats), meaning that a higher elastic deformation of the femur was 298 




































































that there was a significant reduction in the load (Fig 4E) and elastic energy at yield point (Fig 300 
4F) in arthritic rats comparing with healthy controls (p=0.0229 and p=0.0161, respectively), 301 
only partially corrected in arthritic rats under celastrol treatment since the early phase of the 302 
disease (+7.4% and +34.8% than arthritic rats, respectively). Celastrol early-treated rats also 303 
showed a significant reduction in bone stiffness (Fig 4G) in comparison to arthritic rats and 304 
celastrol late-treated rats (-7.5%, p=0.0177 and -17.8%, p=0.0016, respectively). However, no 305 




In this study the AIA rat model was used to assess the bone protective properties of celastrol 310 
in vivo. Here we demonstrated that celastrol treatment exerts a therapeutic effect on arthritic 311 
joint damage, with an efficacy not only limited to anti-inflammatory properties[11, 12], but 312 
also with a substantial inhibition of cartilage and focal bone destruction and reduction of 313 
systemic bone degradation, translated by the preservation of its structure and strength. 314 
In the present work, we have shown that celastrol decreases the number of joint tissue 315 
osteoclasts and osteoblasts. Several cell populations residing in the inflamed synovial 316 
membrane provide signals that stimulate osteoclast formation and facilitate bone resorption. 317 
We have previously shown that celastrol significantly reduces the number of synovial B and T 318 
cells as well as fibroblasts and macrophages[12]. Macrophages do not only mediate synovial 319 
inflammation, but are also critical in osteoclast differentiation[23]. Most importantly, we have 320 
previously shown that celastrol inhibits NF-kB activation in vitro[11]. NF-kB activation is 321 
also crucial for osteoclast formation and function, and is upstream activated by the 322 
engagement of RANKL with RANK. Recent in vitro findings showed that celastrol inhibits 323 




































































IκB kinase (IKK), to RANK and TNF receptors[24], inhibiting both RANKL-induced NF-kB 325 
activation and the osteoblast-related ERK signaling[25]. Work from the Moudgil laboratory 326 
has shown, in vitro, that celastrol reduces other osteoclastic mediators besides RANKL, such 327 
as granulocyte-macrophage colony-stimulating factor (GM-CSF), insulin-like growth factor 328 
(IGF) and osteopontin (OPN), suggesting a shift in bone remodeling in favor of an 329 
antiosteoclastic activity[17]. Finally, also in line with our data, it has been reported in bone 330 
metastasis and ovariectomy-induced bone loss models that celastrol reduces osteoclast 331 
numbers and bone loss and preserves its trabecular architecture, together with an inhibitory 332 
effect on osteoblasts viability and function[25, 26]. Likewise, the gold standard and first-line 333 
drug in RA, methotrexate, also slows down articular damage in RA patients by inhibiting 334 
osteoclastogenesis[27] together with a reduction in osteoblasts proliferation[28]. 335 
The reduction in osteoclast and osteoblast numbers is consistent with the reduction in serum 336 
levels of TRACP-5b and P1NP observed in arthritic rats treated with celastrol, suggesting a 337 
reduction in the accelerated bone turnover induced by arthritis. 338 
We have also quantified serum CTX-II. This is a major component of articular cartilage[29] 339 
with a significant correlation between serum levels and the severity of cartilage damage[30, 340 
31]. Celastrol treatment reduced serum CTX-II concentration, suggesting a chondroprotective 341 
effect, which was confirmed by histological observations. This protective effect on cartilage 342 
could be explained by the inhibition of heat shock protein 90β and of NF-kB activation[32], 343 
combined with the control of inflammation. 344 
Trabecular bone microarchitecture is an important feature of bone quality[33]. Micro-CT 345 
analysis revealed arthritis-induced reduction of trabecular bone volume fraction and 346 
trabecular number as well as increase in trabecular separation and in the occurrence of rod-347 
like shape trabeculae. All these are associated with decreased strength of trabecular bone. 348 




































































loss. Consistent with this, our results showed that celastrol administration prevented the loss 350 
of bone mechanical compliance of femurs in arthritic rats by increasing maximum load and 351 
yield displacement. In addition, celastrol treated arthritic animals also showed positive effects 352 
on cortical bone morphology, which is a major factor defining the mechanical properties of 353 
bone. In fact, celastrol-treated rats had decreased cortical porosity and increased endosteal 354 
bone quantity. Overall, these results suggest that early celastrol treatment could prevent bone 355 
fragility in RA patients.  356 
Despite celastrol efficacy there are still some differences between treated and healthy 357 
phenotypes, therefore it is reasonable to speculate that the extent of bone protection could be 358 
even further improved by optimized doses of celastrol or by augmenting treatment duration, 359 
which is not possible when using the AIA model.  360 
 361 
CONCLUSIONS 362 
 To sum up, celastrol significantly halted cartilage and bone joint resorption and preserved 363 
systemic bone structure and strength, and thus may serve as a useful therapeutic agent for the 364 
treatment of inflammation-induced bone damage. Moreover, our study also suggests that an 365 
early treatment initiation is crucial to effectively prevent bone destruction in RA patients.  366 
 367 
LIST OF ABBREVIATIONS 368 
RA - Rheumatoid arthritis 369 
AIA - Adjuvant-induced arthritis 370 
SPF - Specific pathogen free 371 
DAB - Diaminobenzadine-tetrahydrochloride 372 
TRACP-5b - Tartrate-resistant acid phosphatase 5b 373 




































































CTX-II - C-terminal crosslinked telopeptide of type II collagen 375 
micro-CT - Micro-computed tomography 376 
TAK-1 - TGFβ-activated kinase 377 
IKK - IκB kinase 378 
RANK - Receptor Activator of Nuclear Factor κ B 379 
TNF - Tumor necrosis factor 380 
NF-kB - Nuclear factor kappa-light-chain-enhancer of activated B cells 381 
ERK - Extracellular signal-regulated kinases 382 
GM-CSF - Granulocyte-macrophage colony-stimulating factor 383 
IGF - Insulin-like growth factor 384 
OPN - osteopontin 385 
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 502 
FIGURE LEGENDS 503 
 504 
Fig 1 – Celastrol reduces the number of bone-related cells in arthritic joints. 505 
Representation of the immunohistochemical evaluation performed in paw sections at day 22 506 
after celastrol treatment. Magnifications of 200×. Bar: 100 μm (A). Cathepsin k positive cells 507 
and osteocalcin positive cells were identified in arthritic joints by immunohistochemistry of 508 
paw sections (B). Immunohistochemical analysis was performed using a semi-quantitative 509 
score. Notice that celastrol treatment significantly reduced both types of cells. Paw samples 510 




































































range. Differences were considered statistically significant for p-values<0.05, according to the 512 
Mann–Whitney tests. H – Healthy, A – Arthritic, E – Celastrol early-treated, L – Celastrol 513 
late-treated. Healthy N=16, Arthritic N=10, Celastrol early-treated N=15 and Celastrol late-514 
treated N=15.  515 
 516 
Fig 2 – Celastrol diminishes bone and cartilage turnover markers. TRACP-5b (A), P1NP 517 
(B) and CTX-II (C) levels were quantified in rat serum samples collected at the time of 518 
sacrifice. Celastrol is able to significantly reduce the levels of TRACP-5b, P1NP and CTX-II 519 
in comparison with untreated arthritic rats. Data are expressed as median with interquartile 520 
range. Differences were considered statistically significant for p-values<0.05, according to the 521 
Mann–Whitney tests. H – Healthy, A – Arthritic, E – Celastrol early-treated, L – Celastrol 522 
late-treated. Healthy N=13, Arthritic N=18, Celastrol early-treated N=15 and Celastrol late-523 
treated N=15. 524 
 525 
Fig 3 – Celastrol preserves bone microarchitecture in arthritis. Inflammation-induced 526 
bone loss and bone microarchitecture degradation, and the protective effect of celastrol are 527 
illustrated in representative micro-CT reconstructions (A). Trabecular (B) and cortical (C) 528 
bone indices were quantified from micro-CT reconstructions. Notice that tibiae from the 529 
celastrol early-treated group have improved trabecular and cortical parameters comparing 530 
with arthritic rats. Tibias were collected at the time of sacrifice. Data are expressed as median 531 
with interquartile range. Differences were considered statistically significant for p-532 
values<0.05, according to the Mann–Whitney tests. H – Healthy, A – Arthritic, E – Celastrol 533 
early-treated, L – Celastrol late-treated. Healthy N=30, Arthritic N=30, Celastrol early-treated 534 





































































Fig 4 - Celastrol ameliorates bone mechanical properties in arthritic rats. Maximal load 537 
(A), Maximal deformation (B), Total absorbed energy (C), Yield displacement (D), Yield 538 
load (E), Elastic energy (F) and Stiffness (G) parameters were obtained by 3-point bending. 539 
Celastrol early-treated rats have higher levels of yield point displacement and maximum load 540 
comparing with untreated arthritic rats. Femurs were collected after 22 days of disease 541 
induction. Data are expressed as median with interquartile range. Differences were considered 542 
statistically significant for p-values<0.05, according to the Mann–Whitney tests. H – Healthy, 543 
A – Arthritic, E – Celastrol early-treated, L – Celastrol late-treated. Healthy N=13, Arthritic 544 



































































Figure 1 Click here to download Figure Fig 1 300dpi.tif 
Figure 2 Click here to download Figure Fig 2 300dpi.tif 
Figure 3 Click here to download Figure Fig 3 300dpi.tif 
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Rheumatoid arthritis (RA) causes immune mediated local and systemic bone 
damage. Objectives - The main goal of this work was to analyze, how 
treatment intervention with tofacitinib prevents the early disturbances on bone 
structure and mechanics in adjuvant induced arthritis rat model. This is the 
first study to access the impact of tofacitinib on the systemic bone effects of 
inflammation. Methods - Fifty Wistar adjuvant-induced arthritis (AIA) rats 
were randomly housed in experimental groups, as follows: non-arthritic 
healthy group (N=20), arthritic non-treated (N=20) and 10 animals under 
tofacitinib treatment. Rats were monitored during 22 days after disease 
induction for the inflammatory score, ankle perimeter and body weight. 
Healthy non-arthritic rats were used as controls for comparison. After 22 days 
of disease progression rats were sacrificed and bone samples were collected 
for histology, micro-CT, 3-point bending and nanoindentation analysis. Blood 
samples were also collected for bone turnover markers and systemic cytokine 
quantification. Results - At tissue level, measured by nanoindentation, 
tofacitinib increased bone cortical and trabecular hardness. However, micro-
CT and 3-point bending tests revealed that tofacitinib did not revert the effects 
of arthritis on cortical and trabecular bone structure and on mechanical 
properties. Conclusion - Possible reasons for these observations might be 
related with the mechanism of action of tofacitinib, which leads to direct 
interactions with bone metabolism, and/or with kinetics of its bone effects that 
might need longer exposure.  
KEYWORDS: Rheumatoid arthritis, DMARD, bone, animal model, 
inflammation 


































































Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory 
disease, which affects around 1% of the world-population.(1) It causes joint 
and systemic inflammation that is reflected in local and systemic bone 
damage.(2) In fact, as RA progresses there is marked bone destruction, with 
radiological evidence of bone erosion within 2 years of disease onset.(3) In 
addition, osteoporosis is a common finding in patients with RA.(4) This is 
responsible for increased rates of vertebral and hip fractures in these 
patients.(5, 6) RA is associated with an increased expression of the receptor 
activator of nuclear factor kappa–B ligand (RANKL) and low levels of its 
antagonist, osteoprotegerin (OPG).(7) RANKL is a crucial activator of 
osteoclastogenesis.(8) In addition, RA serum and synovial fluid present an 
inflammatory cytokine profile, including interleukin (IL) 1β, IL6, IL17 and 
tumour necrosis factor (TNF), which further favors osteoclast differentiation 
and activation since the early phase of the disease.(9-11) Evidence suggests 
that bone remodeling imbalance in RA contribute not only to local bone 
erosions but also to the development of systemic osteoporosis.(12) 
We have previously found in the adjuvant-induced arthritis (AIA) rat model 
that 22 days of inflammatory disease progression directly led to the 
degradation of bone biomechanical properties, namely stiffness, ductility and 
bone strength, which was paralleled by a high collagen bone turnover.(13) 
Tofacitinib is a selective inhibitor of janus kinase 1 (JAK1) and janus kinase 3 
(JAK 3), thus interfering with the dimerization of signal transducer and 
activator of transcription (STAT) molecules, blocking the activation of gene 
transcription that is dependent on the JAK-STAT signaling pathway.(14-16) 

































































The main goal of this work was to analyze, if treatment intervention with 
tofacitinib in the AIA rat model prevents the early disturbances on bone 




Animal experimental design 
Fifty 8 week-old female Wistar AIA Han rats weighing approximately 200-
220gr were housed in European type II standard filter top cages (Tecniplast, 
Buguggiate, Italy) and transferred into the SPF animal facility at the Instituto 
de Medicina Molecular, Faculdade de Medicina, Universidade de Lisboa, 
under a 14h light/10h dark light cycle, acclimatized to T= 20-22ºC and RH= 
50-60%. They were given access to autoclaved rodent breeder chow (Special 
Diet Service, RM3) and triple filtered water. AIA rats were purchased from 
Charles River laboratories international (Barcelona, Spain) and they were 
delivered at Instituto de Medicina Molecular after three days of disease 
induction. 
Upon arrival, animals were randomly housed in groups, individually identified 
and cages were labelled according to the experimental groups, as follows: 
non-arthritic healthy group (N=20), arthritic treated with tofacitinib 
(10mg/kg/day orally) (N=10) and arthritic non-treated (N=20). Tofacitinib 
administration was started 4 days after disease induction, when animals 
already presented clinical signs of arthritis. The inflammatory score, ankle 
perimeter and body weight were measured during the period of treatment. 
Inflammatory signs were evaluated by counting the score of each joint in a 

































































scale of 0 – 3 (0 – absence; 1 – erythema; 2 – erythema and swelling; 3 – 
deformities and functional impairment). The total score of each animal was 
defined as the sum of the partial scores of each affected joint. Rats were 
sacrificed 22 days post disease induction and blood, paws and bone samples 
were collected. All experiments were approved by the Animal User and 
Ethical Committees at the Instituto de Medicina Molecular (Lisbon University), 
according to the Portuguese law and the European recommendations. 
 
Histological evaluation of hind paws 
Left hind paw samples collected at the time of sacrifice were fixed 
immediately in 10% neutral buffered formalin solution and then decalcified in 
10% formic acid. Samples were th n dehydrated and embedded in paraffin, 
serially sectioned at a thickness of 5 µm. Sections were stained with 
hematoxylin and eosin for histopathological evaluation of structural changes 
and cellular infiltration. This evaluation was performed in a blind fashion using 
5 semi-quantitative scores: 
 
• Sublining layer infiltration score (0—none to diffuse infiltration; 1—lymphoid 
cell aggregate; 2—lymphoid follicles; 3—lymphoid follicles with germinal 
center formation); 
• Lining layer cell number score (0—fewer than three layers; 1—three to four 
layers; 2—five to six layers; 3—more than six layers); 
• Bone erosion score (0—no erosions; 1—minimal; 2—mild; 3—moderate; 4—
severe); 

































































•  Cartilage surface (0 –normal; 1 – irregular; 2 – clefts; 3 – clefts to bone);  
• Global severity score (0—no signs of inflammation; 1—mild; 2—moderate; 
3—severe).(17) 
 
Images were acquired using a Leica DM2500 (Leica Microsystems, Wetzlar, 
Germany) microscope equipped with a colour camera. 
 
Bone remodeling markers quantification 
Serum samples were collected at sacrifice and stored at -80°C. Bone 
remodeling markers, CTX-I and P1NP, were quantified by Serum Rat Laps 
ELISA assay (Immunodiagnostic Systems Ltd, Boldon, UK). 
Proinflammatory cytokines IL-1β, IL-6 (Boster Bio, California, USA), IL-17, 
OPG, RANKL (Sunred Biological Technology, Shanghai, China) and TNF 
(RayBiotech, Georgia, USA) were quantified in serum samples using specific 
rat ELISA kits. Both kits were used following strictly provider's 
recommendations.  
For all biomarkers standard curves were generated by using reference 
biomarker concentrations supplied by the manufacturers. Samples were 
analyzed using a plate reader Infinite M200 (Tecan, Mannedorf, Switzerland). 
 
Micro-computed tomography (micro-CT) analysis 
Structural properties of the trabecular and cortical tibiae were determined with 
a high-resolution micro-CT system (SkyScan 1272, Bruker microCT, Kontich, 
Belgium). Moist bones were wrapped in parafilm and covered with dental wax 

































































to prevent drying and movement during the scanning. X-ray tube was set to 
50kV and beam was filtered with 0.5mm Aluminum filter. Sample position and 
camera settings were tuned to provide 3.0µm isotropic pixel size and 
projection images were collected every 0.2°. Tissue mineral density values 
were calibrated against hydroxyapatite phantoms with densities of 
250mg/cm3 and 750mg/cm3. Reconstructions were done with NRecon (v 
1.6.9.8; Bruker microCT, Kontich, Belgium) where appropriate corrections to 
reduce beam hardening and ring artifacts were applied. Bone was segmented 
in slices of 3µm thickness. After 200 slices from growth plate, we selected and 
analyzed1400 slices of trabecular bone. For cortical bone, 300 slices (1800 
slices from growth plate) were analyzed.  
Analyses were performed in agreement with guidelines for assessment of 
bone microstructure in rodents using micro-computed 
tomography.(18) Trabecular bone morphology was analyzed by applying 
global threshold and despeckle to provide binary image for 3D analyzes. For 
cortical bone ROI was refined with ROI-shrink wrap operation. This was 
followed by segmentation of blood vessels using adaptive thresholding. Blood 
vessels and porosity were analyzed using 3D morphological analyses. 
 
Bone mechanical tests 
Femurs were subjected to a 3-point bending test using a universal materials 
testing machine (Instron 3366, Instron Corp., Massachusetts, USA). Femurs 
were placed horizontally anterior side upwards on a support with span length 
of 5mm. The load was applied with a constant speed of 0.005mm/s until 
failure occurred. Stiffness was analyzed by fitting first-degree polynomial 

































































function to the linear part of recorded load deformation data. A displacement 
of 0.15µm between fitted slope and measured curve was used as criteria for 
yield point, whereas the breaking point was defined as set where force 
reached maximal value. Force, deformation and absorbed energy were 
defined at both yield and at the breaking point.  
 
Nanoindentation 
Nanoindentation was performed using a CSM-Nano Hardness Tester System 
(CSM Instruments SA; Switzerland; Indentation v.3.83) equipped with a 
Berkovich based pyramid diamond tip. After micro-CT, 0.5mm of top tibia was 
cut and proximal part was embedded to low viscosity epoxy resin (EpoThin, 
Buehler, Knorring Oy Ab, Helsinki, Finland). Slow speed diamond saw was 
used to remove 10% of bone length. The sample surface was polished using 
silicon carbide sandpaper with a decreasing grid size (800, 1200, 2400 and 
4800) and finished with cloth with containing 0.05 µm γ-alumina particles. 
Indentation protocol was adopted from previous work(19) and on average 8 
indentations were done on both cortical and trabecular bone with a quasi-
static (CSM called ‘advanced’) loading protocol. All indentations were 
performed under an optical microscope to achieve the precise location of 
indentations at the center of the targeted area in the tissue.(20) 
In the ‘advanced’ protocol, a trapezoidal loading waveform was applied with a 
loading/unloading rate of 20mN/min and with an intermediate load-hold-phase 
lasting 30s hold at a maximum load 10 mN. The hardness (HIT), indentation 
modulus (EIT), indentation creep (CIT) and elastic part of indentation work (ηIT) 
were measured by using the Oliver and Pharr (1992) method (21). 

































































Histological images of rat tibiae from diaphyseal cortical region were acquired 
during the nanoindentation technique, using a CSM instruments (Switzerland) 
microscope equipped with a color camera.  
A histologic score was applied in order to evaluate the lamellar structures of 
bone tissue. This evaluation was performed in a blind fashion using a semi-
quantitative score: 
• Lamellar bone structure: (1- predominantly parallel-lamella; 2 - 
concentric and parallel-lamellae in the same proportion; 3 – 
predominantly concentric lamella). 
The ratio of osteocyte lacuna area / total tissue area was also evaluated at 
x200 magnification in order to analyse the percentage of total tissue area 
occupied by osteocyte lacunae. Th  method of acquisition and analysis used 
was the same applied for the evaluation of bone volume / tissue volume in 
histomorphometry technique (13). All variables were expressed and 
calculated according to the recommendations of the American Society for 
Bone and Mineral Research (22), using a morphometric program (Image J 
1.46R with plugin Bone J). 
 
Statistical analysis 
Statistical differences were determined with Mann–Whitney tests using 
GraphPad Prism (GraphPad, California, USA). Correlation analysis was 
performed with the Spearman test. Differences were considered statistically 
significant for p<0.05. 
 
 



































































Tofacitinib effectively reduced inflammation in the AIA rat model of 
arthritis 
Results showed that 10mg/kg/day of tofacitinib effectively controlled and 
abrogated disease development in comparison with untreated arthritic rats 
(fig.1A). Moreover, untreated arthritic animals sharply increased the ankle 
perimeter throughout disease progression (fig.1B). Rats under tofacitinib 
treatment presented an ankle perimeter similar to healthy controls. 
 
 
Tofacitinib abrogated local joint inflammation and local bone and 
cartilage damage in AIA rats 
To evaluate the effect of tofacitinib treatment in the preservation of joint 
structure and periarticular bone, paw sections stained with haematoxylin and 
eosin were performed (illustrative images can be observed in Fig 2A). The 
histological evaluation using 5 semi-quantitative scores is depicted in Fig 2 (B-
F). 
Sublining layer infiltration (B) and the number of lining layer cells (C) were 
lower in the tofacitinib group when compared with the untreated arthritic group 
at the end of the study (p<0.0001). Tofacitinib was also effective in preventing 
joint bone erosions (D) and cartilage damage (E) (p<0.0001 and p=0.0001 
tofacitinib group vs. arthritic rats, respectively). 

































































Thus, these data reveals that tofacitinib was able to significantly diminish 
inflammation and local bone damage (Fig. 2F, p<0.0001 tofacitinib group vs. 
arthritic rats). 
 
Tofacitinib reduced bone turnover  
We have observed that both CTX-I (Fig. 3A) and P1NP (Fig. 3B) were 
significantly increased in the arthritic group in comparison with the healthy 
control animals (p<0.0001 and p = 0.0015, respectively), revealing an 
increase of bone turnover in the arthritic group. The tofacitinib group showed 
decreased values for CTX-I (p= 0.0002) and P1NP (p= 0.0018) when 
compared with the arthritic group, suggesting a decreased bone turnover 
(Fig.3). 
RANKL levels were decreased in the serum of tofacitinib-treated rats in 
comparison with healthy control and untreated arthritic rats (p= 0.0083 and p= 
0.0141, respectively), as observed in Fig 3C. OPG levels were also reduced 
in tofacitinib group in comparison with healthy control and untreated arthritic 
rats (p= 0.0031 and p= 0.0002, respectively)(Fig. 3D). No differences were 
observed in RANKL/OPG ratio between tofacitinib and arthritic untreated 
group. The tofacitinib group showed an increased RANKL/OPG ratio when 
compared to healthy control group (p= 0.0370 Fig. 3E). 
We have also quantified the circulating concentration of IL-1β, IL-6 and TNF, 
but no differences were found when comparing arthritic rats with animals 
treated with tofacitinib (Fig. 3F, 3G and 3H). However, there was a slight 
tendency for IL-6 to be diminished in the  tofacitinib group when compared 
with untreated arthritic animals. 

































































Tofacitinib administration significantly reduced the levels of IL-17 detected in 
peripheral blood, (p<0.0001, tofacitinib group vs. untreated arthritic rats after 
22 days of disease induction) (Fig. 3I). 
 
Micro-CT 
The effect of tofacitinib on inflammation-induced bone loss was assessed by 
micro-CT of cortical (Fig 4 A-C) and trabecular (Fig 4 D - I) bone tibia. Arthritic 
rats showed a reduction in cross-sectional area (A) and thickness (B) and 
tofacitinib treatment did not restore these cortical changes (p<0.0001 vs 
healthy controls, respectively). These bone changes affected the ability of 
bone’s torsion as showed by decreased values of polar moment of inertia (C) 
in arthritic and tofacitinib group (p=0.0059 and p=0.0197 vs healthy controls, 
respectively). Trabecular bone also presented dramatic deterioration with 
arthritis as evidenced by a reduced trabecular bone volume fraction (D) 
(p=0.0007 and p<0.0001 vs healthy controls, respectively), thickness (E) and 
number (F) (p<0.0001 vs healthy controls) and also by an increased 
trabecular separation (G) (p<0.0001 in arthritic group and p=0.0002 in 
tofacitinib group vs healthy controls) and porosity (H) (p<0.0001 vs healthy 
controls). Furthermore, structure model index (I) showed declined values in 
arthritic and tofacitinib group (p<0.0001vs healthy controls, respectively) 
indicating that trabeculae shape was rather rod-like compared to plate-like 
shape in healthy controls.  
Tofacitinib could not rescue trabecular bone integrity and trabecular bone 
properties in treated rats (Fig.4J). 
 



































































Tissue-level mechanical properties of rat femurs were evaluated using 3-point 
bending mechanical test at the end of the experiment. As shown in Fig. 5, 
arthritic rats revealed decreased mechanical properties at yield point, namely 
displacement (p=0.0192 vs healthy controls, Fig 5A), strength (p=0.0229 vs 
healthy control, Fig 5B) and pre yield energy (elastic energy) (p=0.0161 vs 
healthy controls, Fig 5C). These results showed that arthritic bones started to 
accumulate micro fractures with smaller deformations and lower loads, 
leading to a decreased energy absorption capability at yield point. Tofacitinib 
treated rats showed a significant decreased displacement (p=0.0039 vs 
healthy controls, Fig 5D) and elastic properties (p=0.0443 vs healthy controls, 
Fig 5E) at fracture point, meaning that there was a lower deformation (related 
to decreased elastic properties) during the plastic phase, before the total 
fracture of bone. Results also demonstrated that arthritic and tofacitinib rats 
had decreased maximum load (p= 0.0017 vs healthy controls, Fig 5F). Finally, 
arthritic rats and the tofacitinib treated group showed a significant decrease in 
toughness (p=0.0143 and p=0.0048 vs healthy controls, respectively, Fig 5G), 
demonstrating that arthritic and tofacitinib-treated bone could absorb less 
energy before fracturing. 
Altogether, mechanical data revealed that arthritic and tofacitinib groups had 
significantly lower mechanical properties as compared to healthy controls, 
meaning that tofacitinib was unable to abrogate the structural deterioration 
during the time frame of treatment observed in this animal model. 
 

































































Tofacitinib increased bone hardness 
Nanoindentation was performed in order to assess the quality at tissue matrix 
level and this technique can be used at the level of a single trabecula or within 
a confined submicron area of the cortical bone tissue. 
Nano-mechanical tests revealed that arthritic rats had decreased hardness in 
cortical (Fig. 6A) and trabecular bone (Fig. 6B) (p= 0.0010 and p= 0.0080 in 
arthritic rats vs healthy controls, respectively). In contrast, rats treated with 
tofacitinib showed restored hardness in cortical bone (Fig. 6A) and increased 
hardness in trabecular (Fig. 6B) bone (p=0.0003 and p=0.0012 vs untreated 
arthritic rats, respectively). No differences were observed in the other 
parameters analysed. 
Topographic images gathered during nanoindentation allowed the 
characterization of bone histologic features from healthy animals, arthritic 
untreated animals and tofacitinib treated animals after 22 days of disease 
induction.  
Concentric lamellas were identified in secondary osteons (SO) and more 
frequently observed in arthritic animals (Fig.6 F) than in healthy controls (p= 
0.0022) and tofacitinib treated animals (p= 0.0043) (Fig. 6C). On the contrary, 
healthy animals (Fig. 6 E) and tofacitinib treated animals (Fig. 6 G) presented 
more parallel-lamellae (PL) structures than concentric lamellas.  
In addition, arthritic animals showed an increased area occupied by osteocyte 
lacunae in the total tissue when compared to healthy animals and tofacitinib 
treated animals (Fig. 6D) ( p=0.0067, p=0.0011, respectively). 
 
 


































































In this study, we used the AIA rat model to evaluate the efficacy of tofacitinib 
to treat inflammation as well as inflammation-induced bone damage. 
Tofacitinib showed significantly reduced arthritis manifestations, synovial 
tissue inflammation and bone erosions, which was associated with lower 
serum RANKL and OPG levels. These results are in line with previous 
observations. (23) 
The effects of tofacitinib on pro-inflammatory cytokines production were 
assessed through serum quantification of IL-1β, IL-6, IL-17 and TNF. Our 
study depicted decreased levels of IL-17 in AIA rats under tofacitinib 
treatment in comparison with untreated arthritic animals. In addition, we have 
observed a tendency towards a decrease in serum IL-6 concentration in 
tofacitinib treated rats.  These observations are expected by tofacitinib 
inhibition of the JAK and STAT3 pathways.(15, 24-26) Tofacitinib did not 
affect circulating levels of TNF or IL-1β comparing with untreated arthritic rats, 
but this might be related to the relatively low circulating levels of these 
cytokines in this animal model.(23) 
Biochemical markers of bone turnover were quantified in order to evaluate the 
impact of tofacitinib on bone metabolism. A reduced bone turnover was 
shown in tofacitinib treated animals, as depicted by decreased CTX-I and 
P1NP levels.  
 
At tissue level, measured by nanoindentation, tofacitinib increased bone 
cortical and trabecular hardness. On the contrary, arthritic animals showed 
decreased values of hardness after 22 days post disease induction. We also 

































































observed at day 11 and 22 post arthritis induction concentric lamellas in 
secondary osteons (SO) microstructures resulting from high bone 
remodelling, as previously described (13, 27, 28). Dall’Ara et al. suggested 
that larger numbers of this younger, less mineralised and less hard structures, 
could be related to reduced hardness of bone tissue identified by 
nanoindentation. On the contrary, healthy and tofacitinib treated animals 
presented more parallel-lamellae (PL) structures than concentric lamellas in 
SO structures and this PL structures are 10% more harder than the former, 
representing the mature bone structure (and normal bone remodelling)(28). In 
addition, arthritic animals had an increased area occupied by osteocyte 
lacunae in total tissue. Tofacitinib treated animals, on the contrary, had a 
normal number of osteocytes lacunae and of the lacunae area per tissue 
volume. Osteocytes are responsible for the maintenance of the bone 
homeostasis, regulating the behaviour of osteoblasts and osteoclasts by 
communicating through gap junctions (29). Although no previous data is 
available in the context of arthritis some studies re ealed that osteocytes from 
osteoarthritis patients have an irregular morphology, with limited ability to 
reply to mechanical stimuli, leading to significant changes in the structure and 
mineral density (30). Despite being still unclear, this apparent change of 
osteocyte morphology in arthritic bone might contribute to the 
nanomechanical changes observed in this context. 
 
 
Micro-CT and 3-point bending tests revealed that tofacitinib did not revert the 
effects of arthritis on cortical and trabecular bone structure and mechanical 

































































properties. There are several possible explanations for these observations. 
Using this same animal model we were able to revert the structural and 
mechanical damage induced by arthritis using an experimental 
compound.(17) However, the kinetics of the effects of tofacitinib might be 
different, needing more exposure time to have an impact on bone quality. The 
effect at a tissue level might be an early sign of its delayed impact on bone. Of 
interest, an increase in hardness is associated with a decrease in the relative 
ratio of elastic-to-plastic behaviour of the tissue and thus it is unclear if it 
represents ultimately a true improvement in mechanical properties. Another 
explanation might be related with the mechanism of action. Tofacitinib targets 
JAK1 and 3, downregulating STAT 1 and 3 of the JAK-STAT signaling 
pathway,(15, 16, 23) and these intracellular molecules have complex 
interactions with bone. JAK1 is expressed in bone cells and is involved in 
bone formation. The depletion of JAK1 promotes bone growth delays, 
suggesting that JAK1 is critical for skeletal development. On the other hand, 
STAT1 inhibits Runx2 transcription in osteoblasts, the master transcription 
factor of osteoblast differentiation. Thus, STAT1 is an inhibitor of 
differentiation of osteoblasts and the inactivation of STAT1 leads to an 
osteopetrotic bone phenotype.(31) Consistent with the higher bone mass in 
STAT1-deficient mice, inactivation of STAT1 can accelerate fracture 
repair.(32) These data suggest that STAT1 negatively regulates bone 
formation in vivo.(33) On the contrary, JAK-STAT3 signal transduction 
pathway promotes osteoblast differentiation (33). Inactivation of STAT3 in 
osteoblasts leads to lower bone mass due to inhibition of bone formation. In 
humans, STAT3 mutations reduce bone mass and increase incidence of 

































































minimal trauma fractures. Clinical studies indicate that STAT3 mutations 
increase osteoclast number and bone resorption, and are associated with 
recurrent fractures.  
It is conceivable that these types of molecular interactions with bone have an 
overall effect that might not be totally compensated by the benefits on bone 
obtained by the control of inflammation. To fully clarify these open questions it 
will be relevant to test several doses of tofacitinib in longer duration arthritis 





• Tofacitinib was able to control and supress inflammatory activity in an AIA 
rat model of arthritis. 
• Tofacitinib wasn’t able to revert structural and mechanical bone changes 
promoted by inflammation. 
• JAK-STAT pathway inhibition downregulates several targets which may not 
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Figure 1 - Inflammatory score and ankle perimeter. (A) Inflammatory score - Tofacitinib group was 
compared with the vehicle group (arthritic). Results showed statistical differences throughout time since day 
10 p= 0.0071 up to day 22 p= 0.0058. (B) Ankle perimeter. Tofacitinib group was compared with the 
vehicle group (arthritic). Results showed statistical differences throughout time since day 11 p= 0.0057 up 
to day 22 p= 0.0056. Statistical differences were determined with non-parametric Mann Whitney test using 
GraphPad Prism (GraphPad, California, USA). Differences were considered statistically significant for p 
values ≤ 0.05. Healthy N=20, Arthritic N=20, Tofacitinib N=10.  
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Figure 2 – (A) Histological images of joints after tofacitinib treatment. These patterns are merely illustrative 
of the type of histological features observed. Black arrow indicates the absence/presence of ankle swelling in 
rat hind paws. C–calcaneus, E–edema or erosion, S–synovia, Tb–tibia, Ts–tarso. Magnification of 50X. Bar: 
100 µm. Tofacitinib suppressed inflammation and tissue damage locally in the joints of AIA rats. A semi-
quantitative evaluation of histological sections was performed. Notice that tofacitinib inhibited cellular 
infiltration (B), completely reversed the number of lining layer cells to the normal values (C) and prevented 
bone erosion occurrence (D), allowing for a normal cartilage (E) and joint structure, comparable to healthy 
rats (F). Data are expressed as median with interquartile range. Differences were considered statistically 
significant for p-values<0.05, according to Mann Whitney test. Healthy N=20, Arthritic N=20, Tofacitinib 
N=10.  
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Image 3 - Bone turnover markers and systemic cytokines quantifications. Serum samples collected at day 
22 (sacrifice) were analyzed by ELISA technique. Bone resorption marker, CTX-I (A) and bone formation 
marker, P1NP (B) were increased in arthritic rats (p<0.0001 and p = 0.0015, respectively). Tofacitinib group 
showed decreased values for CTX-I (p= 0.0002) and P1NP (p= 0.0018). RANKL (C) and OPG (D) were 
diminished in tofacitinib treated rats (p= 0.0002 and p= 0.0141, respectively). RANKL/OPG ratio (E) showed 
higher values when compared to healthy group (p= 0.0370). Tofacitinib, in this animal model, did not affect 
circulating levels of IL-1 β (F) and TNF (H). Results have also demonstrated a significant decrease in the 
serum quantification of IL-17 (I) (p<0.0001) and a tendency towards a decrease of IL-6 (G). IL-1, TNF and 
IL-17 were normalized. Differences were considered statistically significant for p-values<0.05, according to 
the Mann Whitney tests. Healthy N=20, Arthritic N=20, Tofacitinib N=10.  
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Image 4 – Micro-computed tomography (micro-CT) analysis of tibiae rat sample.  
The arthritic and tofacitinib groups showed decreased values for cortical crossectional bone area (A), 
thickness (B) and polar moment of inertia (C) when compared to healthy controls. Trabecular bone also 
showed lower values of ratio bone volume/tissue volume (D), trabecular thickness (E) and number (F) in 
comparison with healthy controls. Arthritic and tofacitinib rats demonstrated higher values of trabecular 
separation (G) and porosity (H) when compared to healthy controls. Structural model index showed 
decreased values in arthritic and tofacitinib rats in comparison to healthy rats. MicroCT images from healthy, 
arthritic untreated and tofacitinib tibiae rats (J). Images acquired with SkyScan 1272, Bruker microCT, 
Kontich, Belgium. Differences were considered statistically significant for p-values<0.05, according to the 
Mann–Whitney tests. Healthy N=20, Arthritic N=20, Tofacitinib N=10.  
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Image 5 – Bone mechanical properties assessed by three-point bending tests in rat femur at 22 days post 
disease induction.Results showed that arthritic rats have decreased properties at yield point, related to 
displacement (A), strength (B) and pre yield energy (elastic energy) (C). Tofacitinib treated rats had a 
significant decrease in displacement (D) and elastic properties (E) at fracture point. Arthritic and tofacitinib 
treated bones required a lower maximum load (F) to fracture and a decreased toughness (G) was observed. 
Differences were considered statistically significant for p-values<0.05, according to the Mann–Whitney tests. 
Healthy N=20, Arthritic N=20, Tofacitinib N=10.  
Altogether, mechanical data re  
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Image 6 – Bone mechanical properties assessed by nanoindentation in rat femur at 22 days post disease 
induction and respective topographic images from the indentation tissue area. Nano-mechanical tests 
revealed a decreased cortical (A) and trabecular (B) hardness in arthritic group at day 22 when compared to 
healthy rats. Of notice, rats treated with tofacitinib showed increased hardness in cortical (A) and trabecular 
(B) bone in comparison with untreated arthritic rats. Results demonstrated that the number of concentric 
lamellae (C) and ratio of area occupied by osteocyte lacunae in the total tissue (D) were higher when 
compared to healthy controls and tofacitinib treated groups at day 22.  
Images are merely illustrative of the type of histological features observed. Concentric lamellas were 
identified in secondary osteons (SO), characteristic from arthritic animals (F). On the contrary, parallel-
lamellae (PL) were identified in healthy controls (E) and tofacitinib treated groups (G). Os – Osteocytes, SO 
– Secondary osteons, PL – Parallel-lamellae, CL – Concentric lamellas. Magnification 20X. Differences were 
considered statistically significant for p-values<0.05, according to the Mann–Whitney tests. Healthy N=20, 
Arthritic N=20, Tofacitinib N=10.  






























































In addition, arthritic animals  
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